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This  final  report  was  prepared  by  J.  Vaughn  Hackworth  and 
Lawrence  H.  Kocher  of  Bell  Aerospace  Textron,  Buffalo,  New  York 
under  Contract  F33615-76-C-5125  with  the  Air  Force  Materials 
Laboratory,  Wright- Patterson  Air  Force  Base,  Ohio.  This  contract 
was  initiated  under  Project  No.  73^0  "Nonmetallic  and  Composite 
Materials",  Task  No.  734007,  "Coatings  for  Energy  Utilization, 
Control  and  Protective  Functions". 

This  report  covers  research  performed  during  the  period 
February  1976  to  February  1977. 
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I.  INTRODUCTION 

The  leading  materials  being  developed  for  infrared  windows, 
for  example,  zinc  selenide,  zinc  sulfide,  and  gallium  arsenide, 
are  all  essentially  brittle  materials  which  are  expected  to  be 
subject  to  serious  degradation  of  transmittance  when  exposed  to 
rainfields  at  moderate  to  high  subsonic  velocities.  Development 
of  infrared  window  materials  with  improved  erosion  resistance 
and  development  of  techniques  to  protect  the  more  susceptible 
materials  would  be  greatly  aided  by  knowledge  of  the  mechanisms 
by  which  erosion  is  initiated  and  an  understanding  of  the  rela- 
tionship between  infrared  transmission  and  erosion  damage. 

An  evaluation  of  a zinc  selenide  and  a zinc  sulfide  speci- 
men exposed  to  a multiple  drop  rainfield  in  the  AFML  erosion 
facility  has  provided  an  initial  indication  of  the  severity  of 
the  erosion  problem.^'  However,  this  evaluation  was  limited 
in  its  ability  to  delineate  the  erosion  mechanisms  because  the 
specimens  had  been  impacted  by  a large  number  of  drops  before 
they  were  examined.  Also,  the  progress  of  erosion  could  not  be 
followed  since  each  specimen  was  exposed  for  a single,  relatively 
long  period  of  time. 

The  program  described  in  this  report  was  undertaken  to 
investigate  in  detail  the  behavior  of  current  Infrared  window 
materials  when  subjected  to  rain  drop  environment.  The  objec- 
tives of  this  program  were  to  define  the  erosion  mechanisms,  to 
determine  the  interaction  of  erosion  damage  and  infrared  trans- 
missibility,  and  to  evaluate  techniques  for  Improving  erosion 
resistance.  The  infrared  window  materials  studied  were  zinc 
selenide,  zinc  sulfide,  and  gallium  arsenide.  Polymethylmeth- 
acrylate was  also  included  as  a standard  material  for  characterizing 
the  various  rain  drop  environments. 

A complete  understanding  of  the  erosion  process  requires 
the  following:  (1)  defining  the  loads  imparted  to  a surface  by 
drop  impact,  (2)  determining  the  dynamic  stresses  generated  in 
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the  material,  and  (3)  establishing  the  response  of  the  material 
to  the  dynamic  stresses.  These  complex  requirements  dictated 
the  use  of  a combined  experimental/analytical  approach  for  this 
investigation.  This  combined  approach  provides  a logical  frame- 
work to  aid  in  the  analysis  of  the  experimental  results,  to  guide 
in  the  selection  of  experimental  variables,  and  to  permit  further 
refinement  of  the  analytical  models  based  on  experimental 
data. 


The  experimental  portion  of  this  investigation  concentrated 
on  the  following  four  areas: 


1.  The  response  of  the  materials  to  impact  by  a single 
water  drop  and  the  variation  of  this  response  with 
drop  size  (0.7  to  2.5  mm  diameter)  and  impact  velocity 
(730  and  1120  fps). 

2.  The  accumulation  of  damage  as  single  water  drop 
impacts  overlap  sites  of  previous  impact. 

3.  The  behavior  of  erosion  resistant  protective  layers 
(ZnS)  on  a less  erosion  resistant  substrate  (ZnSe). 

4.  The  progress  of  erosion  and  loss  of  infrared  trans- 
mittance during  exposure  to  multiple  drop  rainfields 
at  730  fps. 


Detaile 
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optical  and  electron  microscopic  analyses  were  performed 
erials  before  and  after  exposure  to  water  drop  impact 
erize  the  erosion  damage  and  to  relate  this  damage  to 
icant  features  of  the  materials. 


For  the  analytical  portion  of  the  program,  a computer  pro- 
gram was  used  to  calculate  the  transient  stresses  induced  in  the 
selected  infrared  window  materials  by  impact  with  a single  water 
drop.  This  computer  program  calculates  the  four  nonvanishing 
stress  components,  the  principal  normal  stresses,  and  the  princi- 
pal shear  stresses  in  cylindrical  coordinates  as  a function  of 
time.  The  stresses  generated  by  single  drop  impact  on  zinc  sele- 
nide,  zinc  sulfide,  gallium  arsenide,  germanium  and  PMMA  were 
calculated  for  drop  sizes  and  impact  velocities  which  corresponded 


-2- 


to  those  used  for  the  single  drop  impact  experiments.  Approxi- 
mations of  stresses  in  a bilayered  window  configuration  consisting 
of  an  outer  layer  of  zinc  sulfide  on  a zinc  selenide  substrate 
were  also  made  using  results  calculated  at  various  depths  in 
homogeneous  slabs  of  the  individual  materials.  The  calculated 
dynamic  stress  predictions  in  the  window  materials  were  then  com- 
pared with  the  results  from  the  microscopic  analyses  of  the 
single  drop  impact  sites  to  verify  the  validity  of  the  analytical 
models. 


-3- 


II.  EXPERIMENTAL  INVESTIGATION  OF  RAIN  EROSION  OF  INFRARED 
WINDOW  MATERIALS 

A.  Description  of  Materials 

The  infrared  transmitting  materials  selected  for  evalu- 
ation in  this  investigation  are  zinc  selenide,  zinc  sulfide,  and 
gallium  arsenide.  These  predominantly  covalent  bonded  semicon- 
ductors are  representative  of  the  materials  currently  being 
developed  for  infrared  windows.  The  behavior  of  zinc  selenide 
was  investigated  extensively  to  establish  a data  base  to  which 
the  behavior  of  the  other  two  materials  could  be  compared  at 
selected  conditions  of  drop  diameter  and  impact  velocity.  Poly- 
methylmethyacrylate  (PMMA),  Type  G,  was  used  as  a standard 
target  material  to  characterize  the  various  water  drop  environ- 
ments. 


Zinc  selenide  and  zinc  sulfide,  produced  by  the 
chemical  vapor  deposition  (CVD)  process,  were  procured  as 
O.375  in.  thick  blanks.  Specimens  0.875  in.  x 0.875  in.  x 0.375 
in.  thick  were  cut  from  the  blanks  and  optically  polished  on 
both  sides  by  a vendor  with  considerable  experience  in  the 
polishing  of  these  two  materials.  The  finish  on  the  specimens 
had  a scratch  tG  dig  ratio  better  than  60-40  and  a flatness  of 
1 to  2 \.  These  specimens  were  used  to  determine  the  behavior 
of  homogeneous  materials.  A 0.125  in.  thick  CVD  zinc  sulfide 
blank  was  also  procured  for  preparation  of  bilayered  specimens. 

The  zinc  sulfide  was  bonded  to  0.375  in.  thick  zinc  selenide 
with  lens  cement  and  square  specimens  0.875  in.  x 0.875  in.  were 
then  cut  from  this  bilayered  blank.  The  zinc  sulfide  layers 
were  ground  and  polished  to  give  three  sets  of  specimens  with 
layer  thicknesses  of  0.25  nun,  0.50  mm,  and  1.0  mm,  respectively. 

Arrangements  were  made  through  the  Air  Force  Materials 
Laboratory  for  two  specimens  of  gallium  arsenide  from  one  of 
their  contractors.  The  material  for  these  specimens  was  pre- 
pared by  horizontal  gradient  freeze  from  the  melt.  The  specimens, 
0.875  in.  x 1.50  in.  x 0.375  in.  thick,  were  provided  in  the 
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as-polished  condition.  The  quality  of  the  finish  was  not 
specified;  however,  it  was  obviously  not  as  good  as  the  finish 
on  the  zinc  selenide  and  zinc  sulfide  specimens.  Using  Nomarski 
interference  contrast  to  enhance  the  features,  it  was  possible 
to  see  uniform  surface  scratches  at  35X  magnification.  Long, 
deeper  scratches  were  superimposed  randomly  on  the  uniform 
scratches . 


Optical  and  electron  microscopic  examination  of  as- 
polished  specimens  of  the  three  materials  revealed  nothing 
significant  other  than  the  presence  of  scratches  on  the  gallium 
arsenide  specimens  described  above.  Specimens  of  each  material 
were  then  chemically  etc r,  '®veel  the  microstructure.  The 

etchant  used  for  zinc  s0’  ^inc  sulfide  was  a boiling 

solution  of  one  part  hydro..  _*cid  (cone.)  and  one  part 

water  by  volume.  The  etchant  jsea  for  gallium  arsenide  was  a 
room  temperature  solution  of  three  parts  nitric  acid  (cone.  ), 
one  part  hydrofluoric  acid  (48$)  and  four  parts  water  by  volume. 

Figure  1 shows  the  grain  structure  of  the  zinc  sele- 
nide and  the  zinc  sulfide.  The  zinc  selenide  has  a relatively 
large  grain  size  with  many  grains  containing  twins:  the  zinc 
sulfide  has  an  extremely  fine  grain  size.  The  etched  gallium 
arsenide  specimen  was  found  to  be  composed  of  five  grains,  two 
of  which  were  quite  large.  The  grain  boundaries  were  essentially 
perpendicular  to  the  1.50  in.  dimension  on  the  specimen, 
although  one  grain  did  not  extend  completely  across  the  specimen. 
Knoop  microhardnesses  (50  gm  load)  of  the  zinc  selenide,  zinc 
sulfide,  and  gallium  arsenide  were  measured  to  be  100,  290,  and 
635,  respectively. 

Transmission  electron  microscopic  examination  of 
replicas  from  etched  specimens  showed  that  the  grain  boundaries 
of  all  three  materials  were  narrow  and  free  of  any  precipitates. 
The  only  significant  feature  found  on  any  of  the  three  mate- 
rials was  the  presence  of  extremely  small  precipitates  within 
the  grains  of  the  gallium  arsenide  as  shown  in  Figure  lc. 
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B.  Test  Matrix 


The  experimental  test  matrix  used  for  the  evaluation 
of  the  erosion  behavior  of  zinc  selenide,  zinc  sulfide,  and 
gallium  arsenide  is  presented  in  Table  1.  Specimens  of  all 
three  materials  were  obtained  at  various  progressive  stages  of 
erosion  created  by  the  impact  of  a single  drop,  overlapping 
impacts  from  single  drops,  and  multiple  impacts  from  various 
exposure  times  in  the  rainfield  of  the  AFML/Bell  erosion  facility. 
A constant  velocity  (730  fps ) and  a constant  drop  diameter  (1.8 
mm  for  the  rainfield  and  2.0  mm  for  the  single  drop  generator) 
were  used  for  this  series  of  specimens.  The  2.0  mm  drop  diameter 
for  the  single  drop  generator  was  as  close  to  1.8  mm  as  it  was 
practical  to  obtain.  Microscopic  examination  of  these  progres- 
sively eroded  specimens  provided  the  basis  for  identifying  the 
erosion  mechanisms.  Infrared  transmittance  measurements  after 
various  exposure  times  in  the  rainfield  provided  an  understand- 
ing of  the  relationship  between  erosion  damage  and  transmission 
losses . 


The  effects  of  drop  size  on  erosion  mechanisms  were 
investigated  for  zinc  selenide  at  one  velocity  (730  fps)  by 
means  of  single  and  overlapping  drop  impact.  The  effects  of 
higher  velocity  (1120  fps)  on  erosion  mechanisms  were  investi- 
gated for  both  zinc  selenide  and  zinc  sulfide  by  means  of  single 
drop  impact  at  one  drop  size  (2.0  mm  diameter).  In  addition, 
the  protective  abilities  of  zinc  sulfide  outer  layers  of  various 
thicknesses  applied  to  zinc  selenide  substrates  were  evaluated 
for  2.0  mm  diameter  drops  at  730  fps  impact  velocity.  Micro- 
scopic examination  served  as  the  means  of  determining  drop  size 
and  impact  velocity  effects  and  evaluating  the  performance  of 
the  bilayered  specimens. 

The  following  sections  describe  the  results  obtained 
from  each  series  of  experiments.  Details  of  the  experimental 
procedures  and  analyses  of  the  specimens  are  also  included  in 
the  pertinent  section. 
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EXPERIMENTAL  TEST  MATRIX 


4-> 

• 

a 

• 

u 

• 

u 

CJ 

x: 

.c 

JC 

a) 

\ 

\ 

\ 

a-o 

• 

• 

• 

S «H 

c 

G 

G 

M <U 

•rH 

•rH 

•H 

CU<M 

i H 

rH 

rH 

O C 
U «M 

* 

* 

* 

p «J 

i 

p 

1 

1 

cu 

1 

cu 

1 

1 

i 

« 

o 

o 

o 

<u 

a 

u 

r-i  C 

O-H 

•H 

-P 

T3 

XS 

l 

X ) 

rH 

CO 

CO 

P 

• 

• 

• 

s 

rH 

rH 

rH 

bo  a 
c o 

•h  C a] 

CUP  +->  *H 
a cj  p ' ' 

c- 

o 

in 

o 

o 

o 

o 

o 

<d  a>  «j  g 

• 

• 

• 

1 

• 

1 

• 

• 

• 

• 

HH  ftftg 
U bC  6 O 
tlCHU 

o 

CVJ 

OJ 

CVJ 

CVJ 

cvj 

CVJ 

CVJ 

> -H  P 

O CO 

P 

O 

h as 

P -P 

OP--' 

N- 

o 

in 

o 

o 

o 

o 

o 

o 

o 

a>  as  g 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

naag 
M g o 

CH  U 
•H  P 

CO  ^ 

O 

CM 

CVJ 

CVJ 

CVJ 

CVJ 

CVJ 

CVJ 

CVJ 

CVJ 

>s 

•P  +> 

CJ  tI  ^ ' 

son 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

POO, 

on 

on 

on 

cvj 

on 

CVJ 

on 

on 

on 

on 

g H Cm 

c- 

c- 

iH 

C- 

iH 

c- 

C- 

c- 

c- 

H <U^— 
> 

H 

1— ( 

OJ 

CO 

G 

CO 

co 

co 

co 

H 

c 

G 

G 

G 

(0 

o 

CO 

CO 

CO 

•H 

u 

u 

g 

g 

g 

a> 

QJ 

g 

g 

g 

■p 

tn 

4 

in 

o 

o 

s 

P 

CVJ 

in 

o 

4) 

0) 

a> 

0> 

CO 

• 

• 

• 

to 

CO 

CO 

CO 

CO 

CO 

< 

co 

o 

o 

rH 

C 

G 

G 

c 

c 

G 

as 

c 

NJ 

CO 

CO 

CO 

CO 

CO 

O 

CO 

9 


C.  Single  Drop  Impact  on  Homogeneous  Materials 
1.  Single  Drop  Generator 

A liquid  drop  generator  as  shown  in  the  schematic 
diagram  in  Figure  2 was  installed  in  the  main  chamber  of  the 
AFML/Bell  erosion  facility  to  permit  the  experimental  investiga- 
tion of  the  effects  of  single  water  drop  impact  on  the  selected 
infrared  transmitting  materials.  Individual  drops  of  water  are 
generated  by  gravity  feed  at  the  tip  of  the  hypodermic  needle 
when  the  syringe  barrel  is  open  to  atmospheric  pressure  via  the 
first  position  of  the  two-way  solenoid  valve.  The  barrel  of  the 
syringe  holds  50  ml  of  water.  The  size  of  the  drop  is  governed 
by  the  bore  of  the  hypodermic  needle:  the  rate  of  drop  formation 
is  regulated  by  the  length  of  the  needle. 

The  second  position  of  the  two-way  solenoid  valve 
opens  the  system  to  the  vacuum  pump.  Reduced  pressure  over  the 
liquid  then  terminates  the  flow  through  the  needle.  The  bleed 
valve  serves  to  establish  an  adjustable  pressure  differential 
between  the  pressure  in  the  reservoir  and  that  in  the  main  cham- 
ber of  the  erosion  facility.  This  function  serves  the  following 
two  purposes:  1)  instantaneous  termination  of  flow  of  drops  with- 
out drawing  air  into  the  reservoir  and  creating  turbulent 
aeration  of  the  liquid  and  2)  maintenance  of  the  appropriate 
pressure  differential  in  the  system,  even  though  the  main  chamber 
is  being  operated  at  reduced  pressure. 

One  of  the  primary  objectives  of  this  program  was 
to  determine  the  effects  of  drop  size  on  the  response  of  the 
materials  to  impact.  With  the  single  drop  generator,  drops 
having  preselected  diameters  in  the  range  of  0.7  to  2.5  mm  can 
be  generated  in  a controlled  and  reproducible  manner.  A 23 
gage  hyprodermic  needle  produces  a 2.5  mm  diameter  drop,  the 
largest  size  investigated.  A 27  gage  hypodermic  needle,  the 
smallest  available,  produces  a 2.0  mm  diameter  drop.  The  2.0mm 
diameter  drop  was  selected  as  representative  of  the  drop  size 
in  the  standard  rainfield  in  the  erosion  facility.  The  2.0mm 
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Figure  2.  Schematic  of  Single  Liquid  Drop  Generator 
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diameter  drop  is  somewhat  larger  than  the  mean  drop  diameter 
of  1.8  mm  in  the  rainfield;  however,  it  was  not  practical  to 
reduce  the  single  drop  diameter  such  a small  amount  below  that 
generated  by  free  fall  from  the  needle.  Drops  with  diameters 
less  than  2.0  mm  are  produced  by  means  of  an  oscillator  which 
vibrates  a thin  needle  in  a horizontal  plane  just  below  the  tip 
of  the  needle.  With  the  oscillator  installed  for  this  investi- 
gation, 0.7  mm  diameter  drops  are  produced.  This  size  was 
selected  as  the  minimum  for  this  program. 

During  an  experimental  run,  the  rotating  arm  with 
the  attached  specimen  is  brought  up  to  the  selected  velocity 
before  the  water  drop  generator  is  turned  on.  The  number  of 
drops  which  impact  the  specimen  is  controlled  by  the  rate  of 
drop  formation  and  the  length  of  time  (number  of  revolutions  of 
the  arm)  before  the  flow  of  drops  is  terminated.  The  number  of 
impacts  versus  time  on  specimens  of  polymethylmethacrylate  was 
used  to  obtain  correct  exposure  times  for  each  set  of  experimen- 
tal conditions.  Polymethylmethacrylate  is  a relatively  soft 
plastic  which  has  a sensitive  response  to  water  drop  impact:  each 
drop  impact  is  recorded  as  an  easily  recognizable  annular  depres- 
sion on  the  surface  of  the  specimen. 

2.  Impact  at  730  Feet  Per  Second 

The  infrared  window  materials  subjected  to  single 
water  drop  impact  at  730  fps  are  listed  in  Table  2 along  with 
the  drop  diameters  and  the  radii  of  the  resultant  ring  fractures. 
Figure  3 shows  micrographs  at  low  magnification  of  typical 
impact  sites  created  by  0.7,  2.0,  and  2.5  mm  diameter  drops. 

The  variations  in  intensity  in  these  micrographs  result  from 
the  Nomarski  interference  contrast  which  was  used  to  enhance  the 
appearance  of  the  surface  damage.  Nomarski  interference  contrast 

O 

is  sensitive  to  surface  height  differences  of  300A  («X/20).  The 
variations  in  light  intensity  produced  by  this  technique  are 
quite  noticeable  when  low  magnification  objective  lenses  are 
used.  Based  on  the  micrographs  in  Figure  3,  the  ranking  of  the 
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TABLE  2 

SPECIMENS  SUBJECTED  TO  SINGLE 
WATER  DROP  IMPACT  AT  730  FPS 


Drop 

Diameter 

Ring  Fracture 

Radii  (mm) 

aterial 

(mm) 

Inner 

Outer 

PMMA 

0.7 

,l2(a) 

.3o(a) 

ZnSe 

ii 

.12 

• 30 

PMMA 

2.0 

. 22^a ) 

.46<a) 

ZnSe 

ii 

.18 

.71  (.48) 

ZnS 

it 

.32 

.41 

GaAs 

it 

• 36 

.52 

PMMA 

2.5 

.22^a) 

.52(a) 

ZnSe 

it 

.18 

.83  (.48)<b) 

(a)  Radii 

of  indented 

annulus . 

(b)  Major  extent  of  cracking  lies  within  the  outer 
radius  in  parentheses. 
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Polymethylmethacrylate 


Zinc  Selenide 


a.  0.7  mm  Diameter  Drop 


Polymethylmethacrylate 


Zinc-Selenide 


Gallium  Arsenide 


Zinc  Sulfide 


b.  2.0  mm  Diameter  Drop 

Figure  3 Dam  iv  from  Single  Water  Drop  Impact  at  730  fps.  Mag.  ei0X  (Continued) 


Polymethylmethacrylate 


* 


Zinc  Selenide 


c.  2.5  mm  Diameter  Drop 


Figure  3.  Damage  from  Single  Water  Drop  Impact  at  730  fps.  Mag.  40X 

(Concluded) 


infrared  window  materials  in  order  of  increasing  resistance  to 
visible  impact  damage  is  zinc  selenide,  gallium  arsenide,  and 
zinc  sulfide.  The  large  grained  gallium  arsenide  shows  evidence 
of  preferred  crystallographic  orientation  of  cleavage  along 
{110}  planes.  The  smaller  grained  zinc  selenide  and  zinc  sulfide 
show  no  obvious  orientation  of  cleavage.  The  primary  effect  of 
drop  diameter,  evaluated  with  zinc  selenide  and  polymethylmeth- 
acrylate, is  to  change  the  size  of  the  damaged  area.  A 0.7  mm 
diameter  drop  appears  to  produce  damage  comparable  to  that  of 
the  larger  drops,  only  over  a smaller  area. 

Details  of  the  damage  from  impact  by  2.0  mm  dia- 
meter drops  are  illustrated  in  the  electron  micrographs  in 
Figure  4.  What  appear  at  low  magnification  to  be  cracks  in  the 
PMMA  at  the  outside  of  the  indented  annulus  are  actually  steps 
in  the  surface.  These  steps  are  quite  evident  at  20, 000X  magni- 
fication. Zinc  selenide  exhibits  extensive  surface  cracking  and 
spalling.  This  spalling  always  occurs  on  the  side  of  the  crack 
opposite  the  center  of  drop  impact.  Gallium  arsenide  also 
undergoes  surface  cracking  and  spalling,  although  not  to  the 
extent  exhibited  by  zinc  selenide.  The  surface  cracks  formed 
on  zinc  sulfide  are  very  shallow,  having  a maximum  depth  of 
approximately  0.56(im  based  on  the  length  of  the  shadow  cast  in 
the  micrograph  at  20, 000X  magnification.  This  crack  depth  is 
an  order  of  magnitude  less  than  that  for  zinc  selenide  or  gal- 
lium arsenide.  Zinc  sulfide  is  obviously  the  most  erosion 
resistant  of  the  materials  subjected  to  single  drop  impact  at 
730  fps.  Electron  micrographs  of  the  fractures  formed  on  zinc 
selenide  by  the  impact  of  0.7  and  2.5  mm  diameter  drops  are  not 
presented  since  the  characteristics  of  the  fractures  were  simi- 
lar to  those  of  the  fractures  formed  by  2.0  mm  diameter  drops. 

Following  the  initial  optical  and  electron  micro- 
scopic examinations,  the  impacted  infrared  window  specimens 
were  chemically  etched  to  reveal  the  relationships  between  the 
ring  fractures  and  the  microstructures  of  the  materials.  The 
etchants,  described  in  the  Description  of  Materials  Section, 
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Figure  4 Electron  Micrographs  of  Damage  from  2.0  mm  Diameter  Single  Water  Drop  Impact  at  730  fps 

(Continued) 
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c.  Gallium  Arsenide 


d.  Zinc  Sulfide 


Figure  4.  Electron  Micrographs  of  Damage  from  2.0  mm  Diameter  Single  Water  Drop  Impact  at  730  fps 

(Concluded) 
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were  a boiling  solution  of  hydrochloric  acid  in  water  for  zinc 
selenide  and  zinc  sulfide  and  a room  temperature  solution  of 
nitric  and  hydrofluoric  acids  in  water  for  gallium  arsenide. 

Optical  micrographs,  after  etching,  of  a ring 
fracture  formed  on  zinc  selenide  by  Impact  with  a 0.7  mm  diameter 
water  drop  at  730  fps  are  presented  in  Figure  5.  Transmitted 
light  was  used  in  Figure  5&  to  show  the  overall  appearance  of 
the  fracture  in  relation  to  the  grain  structure.  Transmitted 
light  was  found  to  be  particularly  useful  in  revealing  surface 
fractures,  as  well  as  the  location  and  -extent  of  subsurface  damage, 
on  the  optically  transparent  zinc  selenide  and  zinc  sulfide  speci- 
mens. Subsurface  damage  as  revealed  by  transmitted  light  would 
Include  both  cracks  which  did  not  extend  to  the  surface  and  sur- 
face cracks  which  changed  direction  to  become  more  nearly  para- 
llel to  the  surface.  Most  of  the  loss  in  optical  transmission 
in  Figure  5a  appears  to  be  caused  by  the  latter,  i.e.,  surface 
cracks  which  change  angle  below  the  surface. 

Figure  5b  outlines  three  areas  of  interest  which 
are  shown  at  higher  magnifications  in  Figures  5c,  d and  e.  The 
predominantly  transgranular  nature  of  the  fractures  is  quite 
apparent  in  Figure  5c;  however,  some  intergranular  cracking  is 
evident  near  the  inner  radius  of  the  ring  fracture  as  shown  in 
Figure  5d.  Figure  5e  shows  what  appear  to  be  dislocation  etch 
pits  which  are  at  the  inner  radius  of  the  ring  fracture  and  just 
inside  the  uncracked  circular  area  around  the  center  of  impact. 

Optical  micrographs,  after  etching,  of  a ring 
fracture  formed  on  zinc  selenide  by  impact  with  a 2.0  mm  dia- 
meter water  drop  at  730  fps  are  presented  in  Figure  6.  Figure 
6a  shows  the  overall  appearance  of  the  impact  site  and  Figure 
6b  identifies  three  areas  with  significant  features  which  are 
shown  at  higher  magnifications  in  Figures  6c,  d,  and  e.  Again, 
as  was  the  case  with  the  0.7  mm  diameter  drop  impact  site,  the 
fractures  are  predominantly  transgranular  (Figure  6c)  with  some 
intergranular  fracture  included  near  the  inner  radius  (Figure  6d ) . 
Dislocation  etch  pits  at  the  inner  radius  are  shown  in  Figure  6e. 
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b.  Overall  Appearance.  Mag.  135X 


Figure  S.  Ring  Fracture  on  Zinc  Selenide  Formed  by  Impact  with  0.7  mm  Diameter  Drop 
at  730  fps.  Reflected  Light  Except  Where  Noted 
(Continued) 
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d.  Evidence  of  Integranular  Cracks  in  Area  B.  Mag.  260X 

Figure  5.  Ring  Fracture  on  Zinc  Selenide  Formed  by  Impact  with  0.7  mm  Diameter  Drop 
at  730  fps.  Reflected  Light  Except  Where  Noted 
(Continued) 
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a.  Etch  Pits  at  Inner  Radius  of  Ring  Fracture  in  Area  C.  Mag.  470X 


Figure  5.  Ring  Fracture  on  Zinc  Selenide  Formed  by  Impact  with  0.7  mm  Diameter  Drop 
at  730  fps.  Reflected  Light  Except  Where  Noted 
(Concluded) 


a.  Overall  Appearance,  Transmitted  Light.  Mag.  30X 


Figure  6.  Ring  Fracture  on  Zinc  Selenide  Formed  by  Impact  with  2.0  mm  Diameter  Drop 
at  730  fps.  Reflected  Light  Except  Where  Noted 
(Continued) 
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d.  Evidence  of  Intergranular  Cracks  in  Area  B.  Mag.  250X 


Figure  6.  Ring  Fracture  on  Zinc  Selenide  Formed  by  Impact  with  2.0  mm  Diameter  Drop 
at  730  fps.  Reflected  Light  Except  Where  Noted 
(Continued) 
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e.  Etch  Pits  at  Inner  Radius  of  Ring  Fracture  in  Area  C.  Mag.  470X 


Figure  6.  Ring  Fracture  on  Zinc  Selenide  Formed  by  Impact  with  2.0  mm  Diameter  Drop 
at  730  fps.  Reflected  Light  Except  Where  Noted 
(Concluded) 
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Micrographs,  after  etching,  of  a ring  fracture 
formed  on  zinc  selenide  by  impact  with  a 2.5  mm  diameter  water 
drop  at  730  fps  are  presented  in  Figure  7.  The  fractures  at 
both  the  outer  and  the  inner  radii  appear  to  be  t ransgranular 
(Figure  7c)  with  little  or  no  evidence  of  intergranular  fracture 
to  the  extent  present  in  the  impact  sites  formed  by  0.7  and  2.0 
mm  diameter  drops.  Again,  as  was  the  case  for  the  two  smaller 
drop  impact  sites,  extensive  dislocation  etch  pits  were  found 
at  the  inner  radius  of  the  ring  fracture  (Figure  7d ) . 

Electron  micrographs  of  etched  zinc  selenide  speci- 
mens showing  various  features  of  the  ring  fractures  at  higher 
magnifications  are  presented  in  Figures  8,  9 and  10.  Both  the 
intergranular  and  the  transgranular  natures  of  the  cracks  near 
the  inner  radius  of  the  ring  fracture  formed  by  the  impact  of 
a 0.7  mm  diameter  drop  are  shown  in  Figure  8.  Figure  9a  shows 
a typical  transgranular  crack  formed  by  the  impact  of  a 2.5  mm 
diameter  drop.  This  type  of  transgranular  cracking  is  also  com- 
mon to  the  ring  fractures  formed  by  0.7  and  2.0  mm  diameter 
drops.  Figure  9b  reveals  intergranular  cracking  within  the  ring 
fracture  formed  by  the  2.5  mm  diameter  drop.  At  the  lower  mag- 
nifications obtained  with  optical  microscopy  (Figure  7), 
intergranular  cracks  could  not  be  definitely  identified.  The 
intergranular  crack  in  Figure  9b  is  obviously  very  narrow. 

Figure  10  shows  dislocation  etch  pits  found  near  the  inner  radius 
of  the  ring  fracture  formed  by  the  impact  of  a 2.0  mm  drop.  The 
tetrahedral  shape  of  the  pits  formed  on  grains  oriented  in  the 
<111>  direction  is  evident  even  though  the  specimen  was  over- 
etched. The  etch  pits  found  at  ring  fractures  formed  by  0.7  and 
2.5  mm  drops  were  similar  to  those  shown  in  Figure  10. 

Optical  micrographs,  after  etching,  of  a ring 
fracture  formed  on  zinc  sulfide  by  impact  with  a 2.0  mm  diameter 
water  drop  at  730  fps  are  presented  in  Figure  11.  The  overall 
appearance  with  transmitted  light  is  shown  in  Figure  11a.  The 
difference  in  subsurface  damage  caused  by  a single  drop  impact 
on  zinc  sulfide  and  zinc  selenide  is  readily  apparent  when 
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b.  Appearance  of  Right  Side.  Mag  135X 


Figure  7.  Ring  Fracture  on  Zinc  Selenide  Formed  by  Impact  with  2.5  mm  Diameter  Drop 
at  730  fps.  Reflected  Light  Except  Where  Noted 
(Continued) 
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d.  Etch  Pits  at  Inner  Radius  of  Ring  Fracture  in  Area  B.  Mag.  470X 


Figure  7.  Ring  Fracture  on  Zinc  Selenide  Formed  by  Impact  with  2.5  mm  Diameter  Drop 
at  730  fps.  Reflected  Light  Except  Where  Noted 
(Concluded) 
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Tear  in 
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a.  Cracking  and  Chipping  at  Grain  Boundaries 


b.  Mixed  Intergranular  and  Transgranular  Cracks 


Figure  8.  Electron  Micrographs  of  Ring  Fractures  at  Site  of  Impact  of  0.7  mm  Diameter  Drop  on 

Zinc  Selenide.  Mag.  2000X 
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a.  Transgranular  Crack 


b.  Intergranular  Crack 


Figure  9.  Electron  Micrographs  of  Ring  Fractures  at  Site  of  Impact  of  2.5  mm  Diameter  Drop  on 

Zinc  Selenide.  Mag.  2000X 
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8000X 

Figure  10.  Electron  Micrographs  of  Dislocation  Etch  Pits  at  Site  of  Impact 
of  2.0  mm  Diameter  Drop  on  Zinc  Selenide 
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a.  Overall  Appearance,  Transmitted  Light.  Mag.  135X 


b.  Transgranular  Cracks  on  Left  Side.  Mag.  470X 


Figure  1 1 . Ring  Fracture  on  Zinc  Sulfide  Formed  by  Impact  with  2.0  mm  Diameter  Drop  at  730  fps. 
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Figure  11a  is  compared  to  Figure  6a.  Unlike  zinc  selenide,  zinc 
sulfide  shows  no  significant  loss  in  optical  transmission  except 
at  the  surface  cracks,  themselves.  The  closeup  of  a portion  of 
the  fractured  area  in  Figure  lib  shows  the  cracks  are  trans- 
granular  with  no  evidence  of  intergranular  fracture.  The  elec- 
tron micrograph  in  Figure  12  also  illustrates  the  transgranular 
nature  of  the  cracks.  The  electron  microscopic  examination 
revealed  no  evidence  of  intergranular  failure  or  dislocation 
etch  pits. 


Optical  micrographs,  after  etching,  of  ring  frac- 
tures formed  on  gallium  arsenide  by  impact  with  2.0  mm  diameter 
drops  are  presented  in  Figure  13.  Pre-existing  surface  scratche 
serve  as  nucleation  sites  for  damage  as  illustrated  in  Figure 
13a.  No  evidence  was  found  that  damage  is  nucleated  by  grain 
boundaries.  Figure  13b  shows  an  impact  site  which  straddles  a 
grain  boundary  that  remains  undamaged;  however,  damage  at  pre- 
existing scratches  is  again  apparent  in  this  figure.  Figure  13c 
shows  an  impact  site  at  what  appear  to  be  twin  boundaries;  no 
interaction  can  be  seen. 

Electron  micrographs  of  the  gallium  arsenide 
specimen  which  was  etched  after  being  impacted  by  2.0  mm  dia- 
meter drops  are  presented  in  Figure  14.  Many  of  the  cracks  and 
chipped  areas  appear  to  be  associated  witn  precipitate  particles 
within  the  grains  such  as  were  shown  in  Figure  lb.  Particles 
can  be  seen  at  the  bottom  of  several  of  the  cracks  in  Figure  Ik. 
The  primary  ring  fractures  occur  because  the  cleavage  strength 
of  the  material  is  exceeded  by  the  stresses  generated  by  drop 
impact.  However,  a large  amount  of  secondary  cracking  appears 
to  be  nucleated  by  stress  concentrations  at  the  precipitate 
part icles . 


The  detailed  analyses  of  the  single  drop  impacted 
specimens  after  etching  revealed  much  Information  on  the  respons 
of  the  three  materials.  Concerning  the  effects  of  drop  size, 
the  initial  appraisal  that  the  0.7  mm  diameter  drop  produced 


a.  Impact  Site  at  Scratches 


I 


135X 

b.  Impact  Site  at  Grain  Boundary 


135X 

c.  Impact  Site  at  Twins, Polarized  Light 


Figure  13.  Ring  Fractures  on  Gallium  Arsenide  Formed  by  Impact  with  2.0  mm  Diameter 

Drop  at  730  fps 
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Figure  14.  Electron  Micrographs  of  Gallium  Arsenide  Specimen  Etched  After  Impact  by  2.0  mm 

Diameter  Water  Drop  at  730  fps 
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damage  on  zinc  selenide  comparable  to  that  of  the  larger  drops, 
only  over  a smaller  area,  was  not  completely  correct.  The  pre- 
dominance of  transgranular  cleavage, with  intergranular  cracking 
and  etch  pits  near  the  inner  ring  fracture  radii, is  common  to 
all  impact  sites  on  zinc  selenide,  regardless  of  drop  diameter. 
However  the  extent  of  subsurface  damage  is  significantly  less 
for  the  impact  site  of  a 0.7  mm  diameter  drop  than  for  the 
impact  site  of  a 2. 0 or  2. 5 mm  diameter  drop.  This  is  apparent 
when  Figure  5a  is  compared  to  Figures  6a  and  7a. 

Grains  as  large  as  0.13  mm  across  are  common  in 
the  zinc  selenide  specimens,  while  large  grains  in  the  zinc  sul- 
fide specimens  are  only  0.013  mm,  an  order  of  magnitude  less. 

It  is  probable  that  the  superior  erosion  resistance  of  zinc  sul- 
fide is  related  to  the  shallow  depth  of  the  cleavage  cracks  and 
the  lack  of  subsurface  damage.  These,  in  turn,  are  related  to 
the  small  grain  size  of  the  zinc  sulfide.  The  small  grains  limit 
the  depth  of  the  cleavage  cracks  because  they  must  traverse 
grain  boundaries  and  undergo  directional  changes  in  neighboring 
grains  at  different  orientations. 

The  examination  by  transmitted  light  of  the  single 
drop  impact  sites  on  the  zinc  selenide  specimens  leads  to  the 
theory  that  much  of  the  subsurface  damage  consists  of  the  inter- 
granular extension  of  the  surface  cracks  along  grain  boundaries 
which  are  approximately  parallel  to  the  specimen  surface.  Such 
evidence  of  subsurface  crack  extensions  was  not  found  at  the 
impact  sites  on  zinc  sulfide.  Additional  evidence  of  the  weaker 
grain  boundaries  in  zinc  selenide  is  the  intergranular  fractures 
apparent  on  the  specimen  surface  near  the  inner  ring  fracture 
radii.  No  intergranular  cracks  were  found  at  the  impact  sites 
on  zinc  sulfide. 

On  the  basis  of  this  analysis  of  the  ring  fractures 
formed  by  single  drop  Impacts,  it  appears  that  the  erosion  resis- 
tance of  zinc  selenide  can  be  Improved  by  decreasing  the  grain 
size  and  increasing  the  strength  of  the  grain  boundaries.  The 
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extent  of  subsurface  damage  at  impact  sites  on  gallium 
arsenide  could  not  be  ascertained  because  the  specimens  are 
opaque.  It  is  apparent  that  the  erosion  is  enhanced  by  the  pre- 
sence of  surface  scratches  and  subsurface  precipitates.  Elimina- 
tion of  these  two  defects  should  provide  an  improvement  in 
erosion  resistance  for  gallium  arsenide. 

3.  Impact  at  1120  Feet  Per  Second 

PMMA,  zinc  selenide,  and  zinc  sulfide  were  sub- 
jected to  impact  by  2.0  mm  diameter  water  drops  at  1120  fps  to 
investigate  the  effects  of  an  increase  in  impact  velocity  upon 
the  behavior  of  these  materials.  Prior  to  this  series  of  experi- 
ments, the  inside  of  the  test  facility  was  cleaned  to  reduce 
solid  particle  contamination.  The  drop  formation  rate  of  the 
single  drop  generator  was  also  increased  so  that  exposure  time 
could  be  decreased  to  one  minute  from  the  nominal  five  minutes 
used  for  single  drop  impact  experiments  at  730  fps.  The  number 
of  impact  sites  obtained  on  each  specimen  exposed  to  single  drop 
impact  at  1120  fps  is  listed  in  Table  3*  No  evidence  of  impact 
sites  was  found  on  the  zinc  sulfide  specimen  even  though  sites 
were  readily  apparent  on  the  zinc  selenide  specimen  tested  before, 
and  the  PMMA  specimen  tested  after. 

Impact  sites  formed  on  PMMA  and  zinc  selenide  by 
2.0  mm  diameter  drops  at  1120  fps  are  compared  to  those  formed 
at  730  fps  in  Figure  15.  It  is  apparent  from  this  figure  that 
significant  solid  particle  erosion  occurred  at  1120  fps  in  addi- 
tion to  the  damage  from  the  impact  with  the  water  drops.  The 
shock  wave  formed  at  1120  fps  apparently  stirred  up  solid  parti- 
cles (sand  and  glass  beads)  remaining  in  the  facility  from 
previous  erosion  tests.  This  solid  particle  erosion  had  been 
unnoticeable  at  the  lower  velocity  of  730  fps  used  for  single 
drop  impact  experiments  up  to  this  time.  Dimensions  of  the 
damaged  areas  produced  by  drop  impact  at  1120  fps  are  listed  in 
Table  4.  The  photographs  in  Figure  15  and  the  data  in  Table  4 
show  that  the  velocity  had  a much  greater  effect  on  the  dimen- 
sions of  the  damaged  area  on  PMMA  than  it  did  on  zinc  selenide. 
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TABLE  3 

NUMBER  OF  IMPACT  SITES  OBTAINED  DURING 
ONE-MINUTE  EXPOSURE  TO  SINGLE  DROP  IMPACT  AT  1120  fps 


Specimen (a ^ 
PMMA 
ZnSe 


Impact  Sites 
After  1 Minute 
Exposure 

19 

16 


ZnS 


None  Detectable 


PMMA 


9 


(a)  Specimens  listed  in  order  of  exposure. 
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TABLE  4 

DIMENSIONS  OF  DAMAGE  FROM 
SINGLE  2.0  MM  WATER  DROP  IMPACT  AT  1120  FPS 


(a.  ^ 

Ring  Fracture  Radii,  mmv  ' 


Material 

Inner 

Outer 

PMMA 

.36 

.99 

tt 

.30 

.86 

ti 

.36 

.91 

it 

.30 

.99 

it 

.28 

.71 

tt 

.36 

.79 

.33  Avg. 

.88  Avg. 

ZnSe 

.20 

.91  (.56)(b) 

ii 

.22 

1.12  (.64)(b) 

it 

.24 

1.14  (.79)^ 

it 

.18 

1.04  (.51)(b) 

it 

.22 

.86  ( .64) (b ) 

.21  Avg. 

1.01  (.63)(b) 

Radii  of  Indented  annulus  for  PMMA. 

Major  extent  of  cracking  lies  with  this  radius. 
Results  from  Table  2 for  Impact  at  730  fps. 


Material 

PMMA 

ZnSe 


Inner  Radii 

755 

,18 


Outer  Radii 

745 

.71  (.48) 
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Figure  l6a  shows  details  of  one  of  the  ring  frac- 
tures formed  on  zinc  selenide  at  1120  fps . This  impact  site  has 
a large  area  of  the  ring  fracture  that  is  relatively  free  of 
solid  particle  erosion.  For  comparison.  Figure  16b  shows  details 
of  a ring  fracture  formed  on  zinc  selenide  at  730  fps.  The 
extent  of  cracking  and  the  chipping,  at  the  outflow  side  of  the 
cracks,  is  surprisingly  similar  for  both  impact  velocities.  An 
electron  micrograph  of  a ring  fracture  crack  formed  on  zinc 
selenide  at  1120  fps  is  shown  in  Figure  17.  Again,  the  crack 
is  quite  similar  to  those  formed  by  impact  at  730  fps  (Figure  4b). 

Increasing  the  impact  velocity  from  730  fps  to 
1120  fps  did  not  affect  the  characteristics  of  the  ring  fractures 
on  zinc  selenide  to  the  extent  that  was  expected.  Other  than  an 
increase  in  the  areas  of  the  ring  fracture,  the  increase  in 
impact  velocity  had  little  effect.  The  actual  extent  of  damage 
within  the  ring  fractures  appeared  to  be  comparable  at  both 
velocities . 


D.  Overlapping  .Drop  Impact  on  Homogeneous  Materials 

Specimens  of  zinc  selenide,  zinc  sulfide,  and  gallium 
arsenide  were  subjected  to  overlapping  impacts  by  2.0  mm  dia- 
meter single  drops  of  water  at  730  fps.  Additional  specimens 
of  zinc  selenide  were  impacted  with  drops  of  0.7  and  2.5  mm  dia- 
meter. These  experiments  were  to  determine  how  material  damaged 
by  a drop  impact  would  respond  to  a subsequent  impact  at  the 
same  site  and  how  this  response  would  be  affected  by  drop  size. 
Knowledge  of  material  behavior  in  this  very  early  incubation 
stage  is  required  for  understanding  the  rain  erosion  process. 

Optical  micrographs  of  overlapping  impact  sites  on 
zinc  selenide  generated  by  drops  of  0.7,  2.0  and  2.5  mm  diameter 
are  presented  in  Figure  l8.  These  micrographs  are  of  doublet 
impact  sites  where  the  ring  fracture  from  one  drop  is  over- 
lapped by  the  ring  fracture  from  a second  drop.  Figure  19  shows 
triplet  Impact  sites  on  zinc  selenide  for  drops  of  2.0  and  2.5  mm 
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a.  1 120  fps  Impact  Velocity 


b.  730  fps  Impact  Velocity 


Effect  of  Velocity  on  Extent  of  Chipping  of  Ring  Fractures  Formed  on  Zinc  Selenide  by 
Impact  with  2.0  mm  Diameter  Drops.  Reflected  Light  Except  Where  Noted 
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Ref it-c-e  . i. 


'i  0 ■ n Drop  impact 


animated  Light 


Drop  mpact 


t .Sites  on  Zinc  Se 


i . * .tie  Water 


Transmitted  Light 


Reflected  Light 


a.  2 0 mm  Drop  impact 


Transmitted  Light 


Reflected  Light 


b.  2.5  mm  Drop  Impact 


Figure  19.  Overlapping  Triplet  Impact  Sites  on  Zinc  Selenitic  Impacted  by  Single  Water 

Droplets  at  730  fps.  Mag.  30X 


diameter.  At  a triplet  impact  site,  a third  drop  has  impacted 
at  the  region  of  overlapping  of  two  previously  formed  ring  frac- 
tures. Reflected  light  was  used  to  reveal  the  surface  cracking 
and  transmitted  light  was  used  to  reveal  the  extent  of  the  sub- 
surface damage.  The  transmitted  light  micrographs  in  Figures 
18  and  19  show  some  increased  loss  in  transmission  in  the  areas 
of  overlapping  ring  fractures,  particularly  for  the  2.0  and  2.5 
mm  diameter  drops.  This  loss  results  from  the  Increased  concen- 
tration of  subsurface  fractures  in  those  areas  which  have  been 
subjected  to  the  effects  of  a second  and  third  Impact.  It  is 
apparent  that  the  overlapping  0.7  mm  diameter  drops  produce  much 
less  damage  than  do  the  overlapping  2.0  or  2.5  mm  diameter  drops. 

Figure  20  contains  higher  magnification  optical  micro- 
graphs of  the  ring  fracture  overlap  areas  shown  in  Figures  18 
and  19.  These  micrographs  were  made  with  reflected  light  to 
show  surface  damage.  The  second  and  third  overlapping  impacts 
do  produce  enhanced  damage  by  chipping  the  edges  of  the  fractures 
produced  by  the  first  impact;  however,  the  surface  damage,  parti- 
cularly for  the  case  of  the  triplet  impact  sites,  is  not  as 
extensive  as  might  be  expected.  Figure  21a  shows  an  electron 
micrograph  of  the  intersection  of  ring  cracks  at  a 2.0  mm  dia- 
meter drop  doublet  impact  site.  There  is  surprisingly  little 
interaction  of  the  two  ring  fractures  in  this  micrograph. 

Figure  21b  is  an  electron  micrograph  illustrating  the  enhanced 
chipping  caused  by  a second  impact. 

As  was  the  case  for  zinc  selenide,  only  slight  enhance- 
ment of  damage  was  found  in  the  area  of  doublet  Impact  sites 
on  zinc  sulfide  and  gallium  arsenide.  No  triplet  impact  sites 
were  present  on  either  the  zinc  sulfide  or  the  gallium  arsenide 
specimen.  Optical  micrographs  of  doublet,  2.0  mm  diameter  drop 
Impact  sites  on  zinc  sulfide  and  gallium  arsenide  are  shown  in 
Figure  22.  The  transmitted  light  micrograph  in  Figure  22a 
reveals  a much  lesser  extent  of  subsurface  damage  in  the  over- 
lapping region  of  the  ring  fractures  for  zinc  sulfide  than  for 
zinc  selenide  (Figure  l8b ) . Several  attempts  to  examine  in  the 


47 


2.0  rum  Drops 


a.  Doublet  Impact  Sites  in  Fiyure  1b  and  c 


b.  Triplet  Impact  Site  in  Figure  2b  for  2.5  mm  Drops 


Figure  20.  Closeup  of  Damage  to  Zinc  Selenitic  in  the  Area  of  Overlapping  Impact  of 
Single  Drops  at  730  fps.  Mag.  I60X 


/ r- 


b.  Enhanced  Chipping 


Figure  2 1 . Electron  Micrographs  of  Overlap  Regions  of  Doublet  Impact  Sites  on  Zinc 
Selenide  Impacted  by  2.0  mm  Diameter  Water  Droplets  at  730  fps.  Mag.  2000X 
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30X 


Reflected  Light 


Reflected  Light 


125X 


b.  Gallium  Arsenide 


l-igure  22.  Overlapping  Doublet  Impact  Sites  on  Zinc  Sulfide  and  Gallium  Arsenide 
Impacted  by  Single  Water  Drops  at  730  fps. 
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electron  microscope  replicas  of  doublet  impact  sites  on  zinc 
sulfide  were  unsuccessful.  The  electron  micrographs  of  a doublet 
overlap  region  on  gallium  arsenide  shown  in  Figure  23  corroborate 
the  slight  interaction  of  two  impacts  as  shown  at  lower  magnifi- 
cation in  Figure  22b. 

The  examination  of  the  overlapping  impact  sites  on 
zinc  selenide,  zinc  sulfide,  and  gallium  arsenide  revealed  only 
a small  amount  of  enhanced  damage  in  the  regions  of  overlapping 
ring  fractures.  This  lack  of  enhanced  damage  was  somewhat 
unexpected  based  on  the  results  of  an  investigation  by  Adler^  2 ) 
of  the  erosion  of  glass  specimens  impacted  with  glass  beads. 

Adler  observed  that  pits  were  nucleated  at  triplet  Impact  sites. 
He  used  this  observation  as  the  basis  for  establishing  the  pit 
nucleation  criterion  for  a pit  nucleation  and  growth  model  of 
erosion  of  brittle  materials  by  raindrops  and  by  solid  particles. 
The  experimental  results  from  this  program  indicate  that  triplet 
water  drop  impacts  do  not  nucleate  a pit  on  the  surface  of  zinc 
selenide.  Although  no  triplet  water  drop  impact  sites  were 
obtained  on  zinc  sulfide  and  gallium  arsenide,  the  results  from 
the  doublet  impact  sites  make  it  appear  unlikely  that  a third 
drop  impact  would  nucleate  a pit. 

E.  Progress  of  Erosion  in  Rainflelds 

Specimens  of  3/8  inch  thick  zinc  selenide,  zinc  sul- 
fide, and  gallium  arsenide  were  exposed  in  the  AFML/Bell  erosion 
facility  for  short  increments  of  time  at  730  fps  in  the  standard 
ralnfield  of  1.8  mm  diameter  drops  falling  at  the  rate  of  one 
inch  per  hour.  This  series  of  experiments  was  performed  to 
study  the  progress  of  damage  of  infrared  window  materials  in  the 
multiple  drop  Impact  environment  of  the  ralnfield  to  relate  the 
loss  of  transmittance  to  the  type  and  extent  of  damage,  and  to 
correlate  results  with  the  overlapping  single  drop  experiments. 
Before  the  tests,  and  after  each  Increment  of  exposure.,  trans- 
mittance was  measured  over  the  wavelength  range  of  0.5  to  2.1 
microns  with  a Cary  Model  14  spectrophotometer  and  over  the  wave- 
length range  of  2.5  to  25  microns  with  a Perkin  Elmer  Model  621 
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Figure  23.  Electron  Micrographs  of  Typical  Cracks  in  the  Overlap  Regions  of  Doublet 
Impact  Sites  on  Gallium  Arsenide  Impacted  by  2.0  mm  Diameter  Water 
Drops  at  730  fps.  Mag.  3400X 
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spectrophotometer.  The  incremental  exposures  to  the  rainfield 
were  continued  until  the  transmittance  decreased  by  approximately 
50$,  or  the  specimen  broke.  The  cumulative  exposure  time  incre- 
ments for  the  three  specimens  were  as  follows: 

ZnSe  - 20  and  30  seconds, 

GaAs  - 20,  40  and  60  seconds, 

ZnS  - 20,  40,  80,  160,  240  and  320  seconds 

The  zinc  selenide  specimen  had  broken  into  two  pieces  after  30 
seconds,  but  transmittance  could  still  be  measured.  The  gallium 
arsenide  specimen  was  shattered  after  60  seconds  and  transmit- 
tance could  not  be  measured.  The  zinc  sulfide  specimen  was 
still  intact  after  320  seconds. 

The  effects  of  rain  erosion  on  transmittance  between 
0.5  and  2.1  microns  for  the  three  materials  are  shown  in  the 
curves  in  Figures  24,  25  and  26.  The  effects  of  rain  erosion 
on  transmittance  between  2.5  and  25  microns  for  the  three  mate- 
rials are  shown  by  the  curves  in  Figures  27,  28  and  29*  Loss 
in  transmittance  versus  exposure  time  is  tabulated  in  Table  5 
at  the  selected  wavelengths  of  2,  5,  7 and  10  microns  to  aid  in 
interpretation  of  the  results.  It  is  obvious  from  the  data  in 
this  table  that  zinc  sulfide  is  the  most  erosion  resistant  of 
the  three  materials.  In  the  near  infrared  range  of  0.7  to  2.1 
microns,  the  transmittance  of  all  three  materials  is  significantly 
reduced  in  the  initial  stage  of  erosion.  This  reduction  is 
almost  linear  with  exposure  time.  On  the  other  hand,  there 
appears  to  be  an  incubation  period  before  significant  loss  of 
transmission  occurs  in  the  wavelength  range  of  2.5  to  12  microns. 
This  incubation  is  particularly  evident  for  zinc  sulfide  across 
the  entire  band  and  for  gallium  at  the  longer  wavelength  end  of 
the  band.  Surface  damage  in  the  initial  stage  of  erosion 
obviously  has  a greater  effect  on  the  shorter  wavelengths. 

Micrographs  showing  the  progress  of  surface  erosion 
are  presented  in  Figures  30,  31  and  32  for  zinc  selenide,  gal- 
lium arsenide  and  zinc  sulfide,  respectively.  Large  pits  had 
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Figure  24.  Effects  of  Rain  Erosion  on  Spectral  Transmittance  of  Zinc  Selenide  between  0.5  and  2.1  Microns 
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Figure  25.  Effects  of  Rain  Erosion  on  Spectral  Transmittance  of  Gallium  Arsenide  between  0.5  and  2.1  Microns 
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Figure  26.  Effects  of  Rain  Erosion  on  Spectral  Transmittance  of  Zinc  Sulfide  between  0.5  and  2.1  Microns 
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Figure  28.  Effect  of  Rain  Erosion  on  Spectral  Transmittance  of  Gallium  Arsenide  between  2.5  and  25  Microns 

(Concluded) 
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Figure  29.  Effects  of  Rain  Erosion  on  Spectral  Transmittance  of  Zinc  Sulfide  between  2.5  and  25  Microns 

(Continued) 
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Figure  29.  Effects  of  Rain  Erosion  on  Spectral  Transmittance  of  Zinc  Sulfide  between  2.5  and  25  Microns 

(Continued) 


TABLE  5 

LOSS  IN  TRANSMITTANCE  VERSUS  EXPOSURE  TIME  IN 
STANDARD  RAINFIELD  (1  IN. /HR. ) AT  730  FPS 
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30  sec.  Exposure 


Figure  30.  Surface  Erosion  of  Zinc  Selenide  Exposed  to  Standard  Rainfield 
(1  inch/hour,  1.8  mm  Drops)  at  730  fps.  Mag.  125X 
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40  sec.  Exposure 


20  sec.  Exposure 


80  sec.  Exposure 


160  sec.  Exposure 


formed  and  started  to  grow  on  zinc  selenide  in  20  seconds,  on 
gallium  arsenide  in  4-0  seconds,  and  on  zinc  sulfide  in  240 
seconds.  Reference  to  Figures  27,  28  and  29  show  that  these 
times  correspond  to  the  points  at  which  transmittance  in  the  2.5 
to  25  micron  range  begins  to  decrease  significantly.  These  pits, 
rather  than  surface  or  subsurface  cracking,  appear  to  be  the 
primary  cause  of  transmittance  loss  at  the  longer  wavelengths. 

By  the  time  the  surface  pits  had  begun  to  grow,  the  transmittance 
loss  at  wavelengths  between  0.5  and  2.1  microns  had  already 
decreased  by  approximately  50$.  Thus,  subsurface  damage  prior 
to  nucleation  and  growth  of  the  large  surface  pits  appear  to 
be  a major  contributor  to  transmittance  loss  at  the  shorter  wave- 
lengths . 


The  progress  of  surface  damage  with  exposure  time  at 
a selected  site  is  illustrated  in  Figure  33  for  gallium  arsenide 
and  in  Figure  34  for  zinc  sulfide.  The  progress  of  damage  can 
best  be  followed  for  zinc  sulfide  because  of  the  greater  number 
of  exposure  times.  Overlapping  impacts  create  regions  of  high 
crack  density  as  shown  by  the  micrographs  in  Figure  34  for  20, 

40  and  80  seconds  exposure.  These  regions  of  high  crack  density 
represent  structural  defects  in  the  material  which  will  increase 
the  intensity  of  stresses  generated  by  subsequent  impacts.  Rela- 
tively large  pieces  of  material  will  then  be  chipped  away  to 
nucleate  pits  at  these  regions  upon  the  impact  of  subsequent 
drops.  Nucleation  of  pits  is  apparent  in  the  micrograph  after 
160  seconds  exposure.  The  depth  of  several  of  these  small  pits 
was  estimated  to  be  .030  to  . 060  mm  based  on  the  microscope 
travel  required  to  change  focus  from  the  edges  to  the  bottoms  of 
the  pits. 


A pit,  once  nucleated,  grows  rapidly  with  continued 
exposure  to  the  rain  environment  as  illustrated  by  the  micrograph 
after  240  seconds  exposure.  Many  of  the  pits  are  quite  deep  by 
320  seconds,  often  appearing  to  be  deeper  than  they  are  wide. 
Similar  deep  pits  were  present  on  the  zinc  selenide  specimen  after 
30  seconds  exposure  and  on  the  gallium  arsenide  specimen  after 
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20  sec.  Exposure 


40  sec.  Exposure 


Figure  33.  Progress  of  Damage  at  a Selected  Site  on  Gallium  Arsenide  Exposed  to  Standard  Rainfield 

(1  inch/hour,  1.8  mm  Drops)  at  730  fps.  Mag.  2S0X 
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20  sec.  Exposure 


40  sec.  Exposure 


80  sec.  Exposure 


160  sec.  Exposure 


240  sec.  Exposure 


Figure  34.  Progress  of  Damage  at  a Selected  Site  on  Zinc  Sulfide  Exposed  to  Standard  Rainfield 
(1  inch/hour,  1.8  mm  Drops)  at  730  fps.  Mag.  135X 


60  seconds  exposure.  It  is  probable  that  a second  mechanism 
described  by  Morris contributes  significantly  to  erosion  once 
pits  have  been  nucleated.  This  mechanism  is  the  formation  of  a 
high  velocity  water  jet  when  a drop  impacts  a pre-existing  pit. 
This  jet,  with  velocity  four  times  greater  than  the  initial  drop 
velocity,  will  intensify  damage  at  the  bottom  of  the  pit. 

It  is  interesting  to  relate  the  progress  of  erosion  in 
the  rainfield  to  the  estimated  rate  of  drop  impact.  To  cover 
one  square  inch  of  surface  of  the  specimens  with  overlapping  ring 
fractures  in  a hexagonal,  close-packed  array  would  require  940 
impacts  for  zinc  selenide  and  gallium  arsenide  and  1400  impacts 
for  zinc  sulfide.  These  numbers  are  based  on  the  assumption  that 
the  distance  between  centers  of  impacts  in  the  hexagonal  array 
is  the  sum  of  the  inner  and  outer  radii  of  the  ring  fractures 
listed  in  Table  1 for  single  2.0  mm  diameter  drop  impact  at  730 
fps.  The  standard  rainfield  in  the  AFML/Bell  erosion  facility 
provides  an  impact  rate  of  56  drops  per  square  inch  per  second 
at  730  fps . ^ ^ Thus,  to  cover  the  surface  of  the  specimens  with 
overlapping  impacts  requires  17  seconds  for  zinc  selenide  and 
gallium  arsenide  and  25  seconds  for  zinc  sulfide.  These  times 
are  based  on  the  ideal  condition  that  the  drops  impact  to  form 
a complete  hexagonal,  close-packed  array  of  ring  fractures  before 
subsequent  drops  impact  on  the  overlapping  array  already  created. 
These  times  are  in  reasonable  agreement  with  the  results  of  the 
microscopic  analyses  as  illustrated  by  Figures  30  through  34. 

Pits  are  nucleated  on  zinc  sulfide  between  80  and  160 
seconds  based  on  Figure  34.  Within  this  time  range,  each  initial 
triplet  impact  site  undergoes  two  to  five  additional  sets  of 
triplet  drop  impacts.  Thus,  an  additional  six  to  fifteen  drops 
must  impact  an  initial  triplet  overlap  area  before  significant 
material  removal  occurs  under  the  ideal  distribution  of  impact 
sites  assumed  for  this  analysis.  Actually,  more  than  six  to 
fifteen  additional  impacts  are  probably  required  because  of  the 
random  distribution  of  Impacts  on  the  zinc  sulfide  specimen 
exposed  to  the  rainfield  in  the  AFML/Bell  facility.  Areas  where 
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pits  were  nucleated  between  80  and  160  seconds  probably  had 
received  multiple  impacts  before  the  entire  surface  was  covered 
by  a single  layer  of  overlapping  ring  fractures.  The  fact  that 
a rather  large  number  of  overlapping  impacts  are  required  to 
nucleate  a pit  on  zinc  sulfide  in  the  rainfield  correlates  with 
the  results  of  the  overlapping  single  drop  Impact  experiments 
where  overlapping  single  drop  impact  sites  revealed  only  limited 
synergism. 


By  the  ideal  analysis  of  overlapping  impact  in  the 
rainfield  described  above,  pits  on  zinc  selenide  formed  after 
20  seconds  exposure  would  have  been  initiated  by  at  least  one 
additional  drop  impact  at  an  overlapping  triplet  impact  site. 
Similarly,  pits  on  gallium  arsenide  formed  after  40  seconds  expo- 
sure would  have  been  initiated  by  at  least  four  additional  drop 
impacts  at  an  overlapping  triplet  impact  site. 

It  was  pointed  out  earlier  in  this  section  that  the 
loss  in  transmittance  at  the  longer  wavelengths  (2.5  to  25  microns) 
did  not  start  until  .the  nucleation  and  growth  of  large  surface 
pits  had  occurred;  however,  by  that  time  transmittance  at  the 
shorter  wavelengths  (0.5  to  2.1  micron)  had  already  decreased 
drastically.  This  decrease  in  transmittance  at  the  shorter  wave- 
lengths was  assumed  to  be  caused  by  extensive  subsurface  damage 
which  preceeds  pit  nucleation  and  growth.  Figure  35  compares  the 
surface  and  subsurface  damage  of  selected  areas  of  zinc  selenide 
after  30  seconds  of  exposure  and  zinc  sulfide  after  320  seconds 
of  exposure.  Obviously,  extensive  subsurface  damage  preceeds 
the  growth  of  a pit  in  both  materials. 

Electron  micrographs  representative  of  various  stages 
of  erosion  in  the  rainfield  for  zinc  selenide,  gallium  arsenide, 
and  zinc  sulfide  are  presented  in  Figures  36,  37  and  38,  respec- 
tively. The  extensive  damage  of  zinc  selenide  from  multiple 
Impacts  after  only  20  seconds  of  exposure  is  quite  apparent  in 
Figure  36.  Cleavage  steps  can  be  seen  at  the  bottom  of  the  large 
pit  shown  in  the  lower  two  micrographs  of  this  figure.  The 
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Reflected  Light  Transmitted  Light 

b.  Zinc  Sulfide  After  320  sec  Exposure 

Figure  35.  Subsurface  Damage  After  Exposure  to  Standard  Rainfield  (1  inch/hour,  1 .8  mm  Drops) 

at  730  fps  Mag.  135X 


Reflected  Light  Transmitted  Light 

a.  Zinc  Selenide  After  30  sec  Exposure 
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b.  40  sec.  Exposure 


c.  60  sec.  Exposure 


Figure  37.  Electron  Micrographs  of  Typical  Damage  on  Gallium  Arsenide  Exposed  to  the  Standard 
Rainfield  (1  inch/hour,  1.8  mm  Drops)  at  730  fps.  Mag.  2000X 


surface  of  this  pltappears  similar  to  the  fracture  surfaces  of 
CVD  zinc  selenide  specimens  loaded  as  double  cantilever  beams.  (5) 
Examination  of  the  pits  revealed  no  evidence  supporting  the  theory 
proposed  in  Section  XI. C. 2 that  much  of  the  subsurface  damage 
generated  by  a single  drop  impact  on  zinc  selenide  consits  of 
intergranular  extension  of  the  surface  cracks  along  grain  boun- 
daries which  are  approximately_.paraliel  to  the  specimen  surface. 
The  multiple  impacts  required  for  pit  nucleation  and  growth  may 
generate  so  much  additional  transgranular  fracture  as  to  obliter- 
ate any  evidence  of  an  initial  intergranular  failure  mode. 

Damage  to  gallium  arsenide  after  20  seconds  of  exposure, 
as  shown  in  Figure  37a,  is  not  nearly  so  extensive  as  that  on 
zinc  selenide  after  20  seconds.  Figure  37b  shows  the  cleavage 
steps  at  the  bottom  of  one  of  the  large  pits  which  were  present 
after  40  seconds.  Figure  37c,  after  6 0 seconds  of  exposure, 
shows  the  deepest  crack  found  on  gallium  arsenide. during  the 
electron  microscopic  examination.  The  depth  of  this  crack  is 
approximately  0.008  mm  (0.0003")  based  on  the  length  of  the  sha- 
dow cast  on  the  replica. 

The  limited  cracking  of  zinc  sulfide  after  20  seconds 
In  the  ralnfleld  (Figure  38a)  is  quite  similar  to  that  of  the 
single  drop  Impact  sites  (Figure  4d).  After  40  seconds  (Figure  x 
38b),  enhanced  damage  at  intersecting  ring  fractures  becomes 
apparent.  Cleavage  in  the  relatively  small  pit  nucleated  after 
80  seconds  can  be  seen  in  Figure  38c.  Figure  38d,  after  160 
seconds  of  exposure,  shows  the  deepest  crack  found  during  the 
electron  microscopic  examination  of  the  replicas  obtained  from 
the  zinc  sulfide  specimen  exposed  to  the  ralnfleld.  The  depth  I 
of  this  crack  Is  approximately  0.01  mm  (0.0004")  based  on  the 
length  of  the  shadow  cast  on  the  replica. 

This  series  of  experiments  in  the  ralnfleld  provided 
a considerable  amount  of  information  on  the  operative  erosion 
mechanisms  and  the  correlation  between  erosion  damage  and  losses 
In  transmittance.  For  zinc  sulfide,  several  drops  must  impact 
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at  a given  location  before  any  significant  amount  of  material 
is  removed  by  pit  nucleation  and  growth.  Transmittance  for  the 
shorter  wavelengths  (0.5  to  2.1  microns)  begins  to  decrease  with 
the  subsurface  damage  from  the  first  drop  impact  and  continues 
to  decrease  almost  linearly  as  the  amount  of  subsurface  damage 
increases  with  additional  impacts.  Transmittance  for  the  longer 
wavelengths  (2.5  to  25  microns)  does  not  decrease  during  this 
initial  incubation  stage  while  the  concentration  of  subsurface 
defects  increases.  Once  pits  have  nucleated  and  started  to  grow 
in  lateral  area,  transmittance  starts  to  decrease  for  the  longer 
wavelengths.  This  decrease  appears  to  be  almost  directly  pro- 
portional to  the  percentage  of  total  pitted  area. 

Zinc  selenide  ana  gallium  arsenide  eroded  too  rapidly 
in  the  rainfield  to  provide  a sufficient  number  of  exposures 
for  a complete  analysis  of  the  relationship  between  transmittance 
and  erosion  damage.  It  is  likely  that  the  relationship  for  these 
two  materials  is  similar  to  that  described  above  for  zinc  sulfide, 
although  fewer  overlapping  impacts  would  be  required  to  nucleate 
a pit . 


The  overlapping  single  drop  experiments  demonstrated 
the  fact  that  two,  or  even  three,  overlapping  drops  do  not  cause 
pit  nucleation.  This  correlates  with  the  results  from  the  rain- 
field  experiments.  Based  on  an  ideal  assumption  of  the  surface 
distribution  of  drop  impact  sites  produced  by  the  rainfield,  a 
total  of  at  least  nine  to  eighteen  drops  must  impact  the  same 
area  on  zinc  sulfide  to  nucleate  a pit.  Thus,  additional  over- 
lapping single  drop  experiments  are  required  to  completely  define 
the  incubation  stage  from  damage  by  a single  impact  to  the  point 
where  significant  material  removal  takes  place. 

F.  Protective  Layers 

It  is  obvious  that  zinc  selenide  has  poor  resistance 
to  rain  erosion  and  will  require  some  form  of  protection.  One 
method  of  Improving  the  performance  of  zinc  selenide  is  to  apply 
an  outer  protective  layer  of  a more  erosion  resistant  material 
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such  as  zinc  sulfide.  To  investigate  the  behavior  of  protective 
layers,  bilayered  specimens  consisting  of  outer  layers  of  zinc 
sulfide  bonded  to  zinc  selenide  were  impacted  at  730  fps  with 
single  drops  of  2.0  mm  diameter.  The  zinc  sulfide  layers  of 
0.25,  0.50  and  1.0  mm  thickness  were  bonded  to  polished  zinc 
selenide  substrates  with  lens  cement  so  that  the  layers  could 
be  separated  subsequent  to  impact  to  examine  the  nature  of  the 
damage  on  the  zinc  selenide. 

Each  of  the  three  bilayered  specimens  was  exposed  for 
five  minutes  to  impact  by  2.0  mm  diameter  single  drops  at  730 
fps.  PMMA  specimens  were  also  exposed  for  five  minutes  immedi- 
ately before  and  after  the  bilayered  specimens.  These  PMMA 
control  specimens  were  to  verify  the  location  of  the  single  drop 
generator  and  to  record  the  single  drop  impact  rate.  The  number 
of  impact  sites  on  each  of  the  specimens  is  tabulated  in  Table  6. 
Considering  the  variability  of  the  drop  formation  rate  of  the 
single  drop  generator,  these  data  indicate  a one-to-one  corres- 
pondence between  drop  impact  and  ring  fracture  on  the  bilayered 
specimens . 


The  impacted  bilayered  specimens  were  examined  initially 
before  the  zinc  sulfide  protective  layers  were  removed.  Overall 
appearances  of  the  typical  ring  fractures  on  the  three  different 
zinc  sulfide  layers  are  shown  in  Figure  39-  Ring  fractures  on 
zinc  sulfide  are  difficult  to  examine  by  optical  microscopy  and 
Nomarski  interference  contrast  was  used  with  reflected  light  to 
enhance  the  topography  in  the  micrographs  in  Figure  39.  Light 
transmitted  through  the  specimen  from  the  back  face  of  the  zinc 
selenide  substrate  proved  to  be  effective  for  delineating  the 
ring  fractures  as  shown  in  Figures  40,  4l  and  42. 

Examination  of  Figures  39  thru  42  shows  that  the  ring 
fractures  on  the  0.50  and  1.0  mm  layers  are  similar  in  appearance 
and  also  similar  to  the  ring  fractures  formed  on  bulk  zinc  sul- 
fide by  2.0  mm  diameter  drops  impacting  at  730  fps.  The  ring 
fractures  on  the  0.25  mm  zinc  sulfide  layer  are  somewhat  larger 
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TABLE  6 


NUMBER  OF  IMPACT  SITES  OBTAINED  DURING 
FIVE-MINUTES  EXPOSURE  TO 


SINGLE  DROP 

IMPACT  AT  730  FPS 

Specimen (a ) 

Impact  Sites 
After  5 Minutes 
Exposure 

PMMA,  Before  Test 

36 

.25  mm  ZnS/ZnSe 

23 

.50  mm  ZnS/ZnSe 

24 

1.00  mm  ZnS/ZnSe 

16 

PMMA,  After  Test 

* \ 

20 

(a)  Specimens  listed  in  order  of  exposure. 
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c.  1 .0  mm  Zinc  Sulfide  Layer 


Figure  39.  Sites  of  2 0 nun  Single  Drop  Impact  at  730  fps  on  Zinc  Sulfide  Protective  Layers 

Bonded  to  Zinc  Selenide  Substrate 


...  m 

b.  0.50  mm  Zinc  Sulfide  Layer 

4; 
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UNCLASSIFIED  F22615-76-C-5125  F/G  9/2 


a.  Transmitted  Light 


b.  Reflected  Light 


Figure  40.  Impact  Site  on  Front  Surface  of  0.25  mm  Thick  Layer  of  Zinc  Sulfide  Bonded  to 
Zinc  Selenide.  Surface  Impacted  by  2.0  mm  Single  Water  Drops  at  730  fps. 


35X  105X 

a.  Transmitted  Light  b.  Reflected  Light 


, t. 


c.  Transmitted  Light 


d.  Repeat  of  c,  but  Focused  on 
Zn  Se  Substrate 


Figure  41 . Impact  Site  on  Front  Surface  of  0.50  mm  Thick  Layer  of  Zinc  Sulfide  Bonded  to 
Zinc  Selenide  Surface  Impacted  by  2.0  mm  Single  Water  Drops  at  730  fps. 


105X 


b.  Reflected  Light 


Figure  42.  Impact  Site  on  Front  Surface  of  1 .0  mm  Thick  Layer  of  Zmc  Sulfide  Bonded  to 
Zinc  Selenide.  Surface  Impacted  by  2.0  mm  Single  Water  Drops  at  730  fps. 
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than  those  on  the  two  thicker  layers.  The  inner  radii  of  the 
ring  fractures  are  approximately  0.20  mm  regardless  of  layer 
thickness;  however,  the  fractures  extend  out  to  a radial  distance 
of  approximately  0.50  mm  on  the  0.25  mm  layer  compared  to  a dis- 
tance of  0.40  mm  on  the  two  thicker  layers.  The  higher  magnifi- 
cation micrographs  in  Figure  39,  show  slight  chipping  of  the 
ring  fractures  on  the  0.25  mm  thick  layer.  This  chipping  is  not 
particularly  evident  on  the  ring  fractures  on  the  two  thicker 
layers. 


It  was  possible  to  focus  the  microscope  down  through 
the  zinc  sulfide  layer  and  onto  the  zinc  selenide  substrate  at 
the  interface.  This  was  done  at  each  ring  fracture  on  all  three 
specimens.  No  evidence  was  found  that  the  damage  extended  through 
the  zinc  sulfide  layers  to  the  zinc  selenide  in  any  case.  Figure 
4ld  illustrates  the  appearance  of  the  zinc  selenide  directly 
below  a ring  fracture  on  the  0.50  mm  thick  zinc  sulfide  outer 
layer.  No  indication  of  damage  can  be  seen  at  the  interface. 

The  damage  at  the  sites  of  overlapping  ring  fractures 
on  the  zinc  sulfide  protective  layers  was  found  to  be  no  greater 
than  that  exhibited  previously  by  overlapping  ring  fractures  on 
bulk  zinc  sulfide.  An  example  of  a doublet  overlapping  impact 
site  on  the  thinnest  (0.25  mm)  zinc  sulfide  layer  is  shown  in 
Figure  4-3.  The  impact  of  the  second  drop  did  not  enhance  the 
damage  caused  by  the  first  drop. 

An  electron  microscopic  analysis  of  impact  sites  on 
the  three  thicknesses  of  zinc  sulfide  layers  verified  that  the 
ring  fractures  were  similar  to  those  on  the  homogeneous  zinc 
sulfide  specimens  impacted  earlier.  Electron  micrographs  of 
ring  fractures  are  presented  in  Figures  44,  45  and  46  for  zinc 
sulfide  layer  thicknesses  of  0.25,  0.50  and  1.0  mm,  respectively. 
Contrary  to  the  conclusion  based  on  the  optical  microscopic  exami- 
nation, chipping  of  the  ring  fractures  occured  on  all  three 
thicknesses . 
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180X 

b.  Reflected  Light 


Figure  43.  Overlapping  Doublet  Impact  Sites  on  Front  Surface  of  0.25  mm  Thick  Layer  of  Zinc  Sulfide 
Bonded  to  Zinc  Selenide.  Surface  Impacted  by  2.0  mm  Single  Water  Drops  at  730  fps. 


Figure  44.  Electron  Micrographs  of  Ring  Fractures  Formed  by  2.0  mm  Drop  Impact  at  730  fps. 
on  0.25  mm  Thick  Zinc  Sulfide  Layer  Bonded  to  Zinc  Selenide.  Mag.  2000X 
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4500X 


10.000X 

Figure  45.  Electron  Micrographs  of  Ring  Fractures  Formed  by  2.0  mm  Drop  Impact  at  730  fps. 
on  0.50  mm  Thick  Zinc  Sulfide  Layer  Bonded  to  Zinc  Selenide 
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Figure  46.  Electron  Micrographs  of  Ring  Fractures  Formed  by  2.0  mm  Drop  Impact  at  730  fps 
on  1.0  mm  Thick  Zinc  Sulfide  Layer  Bonded  to  Zinc  Selenide.  Mag.  2000X 
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The  0.25  and  0.50  mm  zinc  sulfide  layers  were  removed 
from  the  zinc  selenide  substrates  by  boiling  the  specimens  in  a 
decementing  agent.  The  protected  front  faces  of  the  zinc  sele- 
nide substrates  and  the  back  faces  of  the  zinc  sulfide  layers 
were  then  examined.  No  evidence  of  impact  damage  was  found  on 
either  of  the  zinc  selenide  substrates.  Figure  47  illustrates 
the  appearance,  from  the  back  face,  of  typical  impact  sites  on 
the  0.25  mm  zinc  sulfide  layer.  These  sites  are  the  same  over- 
lapping doublet  shown  from  the  front  face  in  Figure  43.  It  is 
apparent  from  Figure  47b  that  the  fractures  did  not  extend 
through  the  protective  layer. 

None  of  the  fractures  on  either  of  the  zinc  sulfide 
layers  removed  from  the  zinc  sulfide  substrates  extended  through 
to  the  back  face  except  for  one  crack  adjacent  to  an  impact  site 
on  the  0.25  mm  layer.  As  shown  in  Figure  48,  this  crack  was  on 
the  back  face  rather  than  the  front  face.  This  particular  impact 
site  was  near  one  edge  of  the  bilayered  specimen:  it  is  probable 
that  the  crack  on  the  back  face  was  caused  by  handling  during 

cting  and  removal  of  the  zinc  sulfide  layer.  This  conclu- 
reinforced  by  the  fact  that  this  crack  was  not  noticed 
& the  initial  examination  of  the  specimen  before  the  zinc 
sulfide  layer  was  removed.  It  could  not  have  been  overlooked 
when  the  optical  microscope  was  focused  down  through  the  zinc 
sulfide  layer  onto  the  interface  at  each  Impact  site. 

The  results  of  this  evaluation  of  bilayered  specimens 
demonstrate  the  promise  of  using  a relatively  thin  layer  of 
erosion  resistant  material  to  protect  a less  erosion  resistant 
substrate.  The  basic  nature  of  the  water  drop  impact  damage  on 
a thin  zinc  sulfide  layer  was  comparable  to  that  on  a thick, 
homogeneous  zinc  sulfide  specimen.  The  presence  of  the  interface 
and  the  different  mechanical  and  physical  properties  of  the  zinc 
selenide  substrate  did  not  significantly  affect  the  response  to 
impact  of  the  zinc  sulfide  layer.  As  discussed  in  a subsequent 
section  of  this  report,  the  analytical  model  predicted  that  a 
0.25  mm  thick  layer  of  zinc  sulfide  would  prevent  ring  failures 
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! Reject ■ d Light  Focused  on  Back  Surface 


Figure  4 Owr:  .opine  Doublet  Impact  Sites  on  0.25  mm  T hick  Layer  of  Zinc  Sulfide 
(Same  Sites  ; Figure  43)  Viewed  from  the  Back  Surface  after  Removal  of  the 
Layer  from  the  Zinc  Selenide  Substrate 


a.  Transmitted  Light  Focused  on  Front  Surface,  Mag  35X 


Focused  on  Back  Surface 


Focused  on  Front  Surface 


b.  Reflected  Light,  Mag  105X 


Figure  48.  Crack  on  Back  Surface  Near  Impact  Site  on  0.25  mm  Thick  Layer  of  Zinc  Sulfide 
Viewed  from  the  Back  Surface  after  Removal  of  the 
Layer  from  the  Zinc  Selenide  Substrate 
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in  tne  zinc  selenide  substrate.  The  results  from  the  microscopic 
examination  of  the  bilayered  specimens  confirm  this  prediction. 
Exposure  of  bilayered  specimens  to  the  standard  rainfield  is 
planned  in  future  work  to  verify  the  benefits  demonstrated  in  the 
single  drop  impact  experiments. 

G.  Quasistatic  Indentation  Evaluations 

Adler  and  Hooker  evaluated  the  use  of  the  Hertzian 
fracture  test  to  determine  the  fracture  strength  and  ring  frac- 
ture diameters  for  a series  of  glasses  and  attempted  to  relate 
the  results  to  the  case  of  dynamic  impact  ~f  glass  beads  on 
borosilicate  glass  and  fused  silica.  The  underlying  reasoning 
was  that  the  impacting  particles  sample  very  small  domains  of 
the  surface  being  impacted  and  that  quasistatic  loading  by  small' 
spheres  would  be  representative  of  these  conditions.  As  part  of 
this  present  investigation  of  erosion  behavior  of  infrared  window 
materials,  the  quasistatic  indentation  test  was  evaluated  on  zinc 
selenide  and  zinc  sulfide.  It  was  hoped  that  a correlation  could 
be  established  between  the  results  of  the  quasistatic  loading 
and  the  single  water  drop  impact  experiments.  The  relatively 
simple  indentation  test  could  then  be  used  to  evaluate  methods 
to  improve  erosion  resistance  of  materials  without  the  necessity 
of  additional  erosion  testing. 

The  experimental  arrangement  was  the  same  as  described 
in  Reference  1.  The  specimens  were  loaded  by  a 407  micron  dia- 
meter sapphire  sphere  while  the  contact  area  was  viewed  from  the 
opposite  side  through  a microscope  focused  through  the  specimen 
onto  the  loaded  surface.  The  load  was  slowly  applied  until  a 
fracture  was  observed.  At  this  point,  the  loading  was  stopped, 
the  fracture  load  was  recorded,  and  the  diameter  of  the  fracture 
was  measured.  The  test  was  then  repeated  at  a new  area  until 
the  desired  number  of  readings  was  obtained. 

Examples  of  the  fractures  on  zinc  selenide  and  zinc 
sulfide  are  shown  in  Figure  49.  Histograms  of  fracture  loads 
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Transmitted  Light 


Reflected  Light 


a.  Zinc  Selenide 


Transmitted  Light  Reflected  Light 

b.  Zinc  Sulfide 

Figure  49.  Typical  Fractures  Produced  by  Quasistatic  Loads  Applied  by  a 407  jim  Diameter 

AI2O3  Sphere.  Mag.  29CX 
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and  fracture  diameters  for  zinc  selenide,  only,  are  presented 
in  Figure  50.  It  was  so  difficult  to  detect  the  fractures  pro- 
duced on  zinc  sulfide  that  reliable  data  could  not  be  obtained 
for  histograms.  Quasistatic  loading  under  these  conditions  pro- 
duces a surface  indentation  and  radial  cracking  which  bear  no 
relationship  to  the  ring  fractures  produced  by  single  water  drop 
impact  on  the  two  materials. 

Quasistatic  indentation  evaluation  of  the  materials 
was  not  continued  because  the  fractures  formed  were  not  compar- 
able to  those  formed  by  the  dynamic  case  of  water  drop  impact 
and  because  of  the  experimental  difficulties  with  fracture  detec 
tion  in  zinc  sulfide.  Interestingly,  a few  similar  spherical 
Indentations  were  noticed  during  the  microscopic  examination  of 
the  zinc  sulfide  specimen  which  was  exposed  to  single  water  drop 
Impact  at  1120  fps.  These  indentations  were  undoubtedly  caused 
by  impact  with  residual  glass  beads  in  the  facility. 
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a.  0.4  0.5  0.6  0.7  0.8  0.9  1.0  1.1  1.2  1.3 

Load, lb 


Diameter,  jU 

Figure  50.  Histograms  of  Fracture  Loads  and  Fracture  Diameters  for  Zinc 
Selenide  Quasistatically  Loaded  with  407  nm  Diameter  AI2O3  Spheres 
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III.  THEORETICAL  PREDICTION  OF  DYNAMIC  STRESS 


A number  of  numerical  analyses  were  obtained  to  aid  in  under 
standing  the  experiment  data  and  guide  planning  of  experiments  to 
support  or  disprove  the  theoretical  predictions.  The  analytical 
task  focused  on  prediction  of  transient  stresses  induced  in  the 
selected  infrared  window  materials  by  impacts  with  a single  rain 
drop.  These  stresses  were  calculated  for  drop  diameters  of  O.J, 
2.0  and  2.5  mm  and  impact  velocities  of  730  and  1120  ft/sec  to 
parallel  the  experimental  effort.  Window  materials  considered 
were  zinc  selenide,  zinc  sulfide,  gallium  arsenide,  and  germanium 
Polymethylmethacrylate  ( PMMA ) was  also  included  as  a standard 
for  characterizing  the  various  rain  drop  environments.  Computer 
studies  were  conducted  for  all  three  drop  sizes  and  both  impact 
velocities  on  zinc  selenide,  zinc  sulfide  and  PMMA  materials. 
Gallium  arsenide  and  germanium  were  investigated  for  the  2.0  mm 
diameter  drop,  only,  at  both  velocities. 

A.  Description  of  Mathematical  Model 

A detailed  description  of  the  mathematical  model  is 
given  in  Reference  1.  A summary  of  the  significant  features  is 
present*  below  for  completeness. 

le  mathematical  model  chosen  for  the  water  drop  impact 
process  that  of  a completely  compressible  liquid  drop  collid- 
ing wit,  a rigid  surface  where  the  radius  of  the  loaded  region 
as  a function  of  time  can  be  described  by 

a(t)  = V 2RV0t  - (V0t)2  (1) 

where  V is  the  impact  velocity,  R is  the  radius  of  the  spherical 
drop,  and  t is  the  time  elapsed  from  the  initial  contact.  This 
is  shown  pictorially  in  Figure  51.  The  angle  , known  as  the 
lateral  outflow  angle,  is  computed  from 

*3(t)  = sin"1  £ a(  t )/R  J (2) 
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V0  - Drop  Velocity 


Figure  5 1 . Perfectly  Compressible  Liquid  Drop  Impacting  a Solid  Surface 
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For  very  short  times,  the  radius  can  be  accurately 
approximated  by 

a(t)  ^ V2RV0t  (3) 

and  the  approximate  velocity  of  the  boundary  of  the  loaded 
region,  easily  computed  from  (3),  given  by 

/ RV  ‘ 

a(t)  ^ V . (^) 


It  can  be  shown  that  these  approximations  provide  a good 
representation  of  the  actual  relations  for  values  of  a(t)/R<0.5 
The  pressure  distribution,  P,  on  the  surface  takes  the 
form 


P = p(r,t)  for  r^a(t) 
P = 0 for  r>a(t) 


(5) 


From  Equation  (4),  one  can  see  that  when  a liquid  drop 
first  strikes  a plane  surface,  the  boundary  of  the  contact  area 
will  be  traveling  at  supersonic  speeds  with  respect  to  the 
elastic  wave  speeds  for  the  impacted  body,  but  will  decrease 
with  t~?.  For  a homogeneous  isotropic  elastic  material,  the 
period  of  time  the  radial  velocity  of  the  contact  zone  boundary 
exceeds  the  dilatational  wave  speed,  C^,  will  depend  on  the 
radius  and  initial  impact  velocity  of  the  liquid  drop  and  the 
compressibility  of  the  elastic  material.  The  time  at  which 
a(t)  = C-^  can  be  determined  from  (4). 

T1  = * where  k = V 2RVq  (6) 


Correspondingly,  the  time  at  which  the  shear  wave  moves  ahead 
of  the  loaded  region  is 


(7) 


100 


where  C 2 is  the  shear  wave  velocity  in  the  impacted  material. 
The  dilatational  and  shear  wave  speeds,  and  C2,  for  a homo- 
geneous isotropic  elastic  solid  are  given  by 


C 


2 

1 


(1+  v)'[\-Zv  ) 


(8) 


(2(1^') 


(9) 


where 


E is  You’"  *. 
v is  Poissv.  o 

p is  the  density  of  the  medium 
Note  that  is  always  greater  than  C2. 

As  long  as  the  boundary  of  the  loaded  region  is  moving 
at  a velocity  a(t)>C^,  the  radius  of  the  disturbance  on  the 
surface  will  be  the  Same  as  that  of  the  loaded  area.  When 
^(tJ^C^,  disturbances  resulting  from  dilatational  waves  will 
move  ahead  of  the  loaded  boundary  and  will  continue  to  travel 
at  the  dilatational  velocity  of  the  medium.  When  a(t)<C2, 
disturbances  resulting  from  shear  waves  will  move  ahead  of  the 
loaded  boundary  and  will  continue  to  travel  at  the  shear  wave 
velocity  of  the  medium.  In  an  elastic  medium,  a third  type  wave, 
CR,  (Rayleigh  surface  wave)  can  exist,  which  travels  along  the 
surface  penetrating  the  interior  only  slightly.  These  waves 
travel  at  speeds  slightly  lower  than  shear  waves  (for  v = 0.3 
CR  = .928  C2).  A conclusion  similar  to  the  above  can  be  made 
for  propagation  of  disturbances  due  to  Rayleigh  waves  as  a 
function  of  the  loaded  boundary  velocity.  A schematic  presenta- 
tion of  the  relative  location  of  the  three  wave  fronts  as  a 
function  of  the  velocity  of  the  loaded  boundary  is  presented  in 
Figure  52. 
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C,  < a(t) 


Z 


Cj  < a(t)  <C, 


Z 


Based  on  available  experimental  evidence  and  analyses, 
the  point  at  which  the  interface  pressure  created  by  the  drop 
impact  starts  to  decay  is  dependent  on  the  lateral  outflow  angle 
>3.  For  the  velocities  of  interest  this  angle,  designated  the 
critical  contact  angle  in  the  ra^ge  10°!Er  ^2c<-25° . 

In  Figure  53,  the  relationship  between  lateral  outflow  angle 
time  after  liquid  drop  impact,  and  drop  diameter  for  the  two 
velocities  of  interest  are  presented.  For  drop  diameters  of 
0.5  to  2.5  mm,  the  maximum  time  duration  of  the  collision 
process  ranges  from  0.12  to  0.60  p.  sec  for  VQ  = 730  ft/sec  and 
from  0.07  to  0.35  H-sec  for  VQ  = 1120  ft/sec  if  it  is  assumed 
that  jrf  = 25°. 

There  is  little  unanimity  in  the  literature  concerning 
the  magnitude  and  distribution  of  the  pressure  which  develops 
at  the  liquid/solid  interface  during  the  collision  process. 
Predictions  of  maximum  pressures  range  from  0.7  to  3*0  times 
PwCwVo  for  the  drop  velocities  being  considered,  where  P^, 

CTT,  and  V are  the  density,  acoustic  velocity,  and  impact 
velocity  of  the  liquid  drop  respectively.  For  this  investigation, 
a one-dimensional  shock  wave  relationship  for  a water  drop 
striking  a deformable  solid  was  used  to  approximate  this  pressure. 
This  relationship  takes  the  form 
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where  Vw  is  the  velocity  of  the  interface  and  is  described  by 


(11) 
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Time,  t,  (isec 

Figure  53.  Lateral  Outflow  Angle  as  a Function  of  Time  and  Drop  Size  for  Drop  Velocities  of  730  and  1 120  ft/sec 


VQ  is  the  drop  impact  velocity,  p w and  pg  are  the  liquid  and 
solid  densities,  and  Uw  and  Us  are  the  representative  shock 
velocities.  The  notation  U [ ] is  used  to  denote  that  the  shock 
velocity  is  a function  of  the  particulate  velocities. 


When  the  water  drop  impact  velocity  is  small  in 
comparison  to  the  acoustic  velocities  of  water  and  the  substrate, 
the  respective  particle  velocities  are  also  negligible  with 
respect  to  the  acoustic  velocities  and  Equation  (10)  reduces  to 


pw 


1+ 


p C V 
Kw  wo 

p w^w 

p C" 
Ks  s 


(12) 


where  C and  C are  the  acoustic  velocities  for  water  and  sub- 
w s 

strate,  respectively,  at  zero  particle  velocity.  The  variation 
of  shock  velocity  of  water  as  a function  of  particle  velocity 
V is  known  and  can  be  approximated  by  the  expression 


U = C +2V-0.1  ( V)V 
w w VC  ' 


(13) 


Thus,  knowing  the  variation  of  shock  velocity  for  the  solid 
one  can  compute  the  liquid/solid  interface  pressure. 

Predicted  values  of  interfacial  pressure  for  the 
materials  being  evaluated  are  presented  in  Table  7 for  impact 
velocities  of  730  and  1120  ft/sec.  With  the  exception  of 
polymethylmethacrylate  (PMMA),  the  shock  velocity  in  the  solid 
was  assumed  equal  to  its  acoustic  velocity.  There  is  little 
variation  in  predicted  pressures  among  the  actual  candidate 
window  materials,  with  values  ranging  from  61,700  to  64,200  psi 
for  a drop  velocity  of  730  ft/sec  and  107,600  to  112,700  psi 
for  a drop  velocity  of  1120  ft/sec.  These  pressures  are  1.3 
to  1.3  times  PC,  V where  P C V = 48, 140  psi  for  a drop 
velocity  of  730  ft/sec,  and  73,850  psi  for  a drop  velocity  of 
1120  ft/sec.  The  interface  pressures  predicted  for  PMMA  are 
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TABLE  7 

WATER  DROP  IMPACT  PRESSURES  PREDICTED 
FROM  ONE- DIMENSIONAL  SHOCK  WAVE  RELATIONSHIP 


Drop 

Substrate 

Velocity 

Pressure 

Material 

(ft/ sec  ) 

(psi) 

PMMA 

730 

41,300 

1120 

69,400 

ZnSe 

730 

62,200 

1120 

108, 600 

ZnS 

730 

61,700 

1120 

107,600 

GaAs 

730 

63,100 

1120 

110,300 

Ge 

730 

64, 200 

1120 

112,700 

(a)  Assumes 

substrate  shock  velocity  is 

equal  to 

acoustic 

velocity. 
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significantly  lower  than  those  predicted  for  the  window  materials, 
primarily  because  the  density  and  acoustic  velocity  are  lower 
for  PMMA. 

A method  developed  by  Blowers  ^ ) was  used  to  calculate 
stresses  in  the  substrate  due  to  the  liquid  drop  impact.  This 
analysis  determines  the  transient  stress  distribution  within  an 
elastic  half-space  subjected  to  a uniform  pressure  loading  p 
distributed  over  an  expanding  circular  region.  The  time  dependent 
radius  of  the  loaded  region  is  given  by  Equation  (3)*  consistent 
with  the  idealized  compressible  water  drop  model  resulting  in 
a pressure  distribution  of  the  form 

p(r,t)  = P for  r <.*\/2RV  t ^a(t) 
o o 

(1*0 

= 0 for  r >V_2RV  t sya ( t ) 


where  the  magnitude  of  Pq  is  assumed  to  be  constant  with  respect 
to  time  and  is  computed  from  Equation  (10). 

Blower's  method  is  available  in  the  form  of  a computer 
program  TURBAN  having  a plot  output  capability.  The  numerical 
calculations  provide  the  stresses  at  all  points  within  the 
elastic  half-space  except  in  the  vicinity  of  the  Rayleigh 
surface  wave  near  the  surface  where  a nonremovable  singularity 
in  the  equations  prevails.  To  overcome  this  difficulty  in  the 
numerical  calculations,  the  results  are  generally  computed  a few 
microns  below  the  surface  of  the  half-space  where  the  calculated 
stresses  are  reasonably  well-behaved  including  the  regions  in 
the  vicinity  of  the  Rayleigh  wave  front. 

A summary  of  material  properties  employed  in  the  analyses 
which  follows  is  presented  in  Table  8.  These  data  taken  from 
suppliers'  literature  include  density.  Young's  modulus,  Poisson's 
ratio,  and  ultimate  tensile  strength  along  with  the  dilatational 
and  shear  wave  speeds  computed  from  Equations  (8)  and  (9).  For 
the  actual  window  material  candidates  there  is  little  difference 
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MATERIAL  PROPERTIES 
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in  the  elastically  related  properties;  however,  ultimate  strengths 
vary  considerably,  ranging  from  8.5  ksi  for  zinc  selenide  to 
20.0  ksi  for  gallium  arsenide. 


B.  Analysis  of  Single  Drop  Impacts 
1.  Homogeneous  Materials 

a.  Description  of  Stress  Predictions 

In  the  body  of  this  report,  various  plots  of 
particular  transient  stress  components  are  presented  and  discussed 
as  appropriate.  For  completeness,  this  section  presents  all  the 
transient  stress  components  for  a typical  window  material  at 
one  water  drop  size  and  one  impact  velocity  as  predicted  by  the 
mathematical  model  described  in  the  previous  section.  Zinc  sulfide 
impacted  by  a 2.0  mm  water  drop  travelling  at  730  ft/sec  was 
chosen.  For  all  of  the  stress  plots,  the  magnitudes  of  stress 
components  were  normalized  to  unity  and  the  actual  stress 
can  be  found  by  multiplying  the  normalized  stress  by  the  magni- 
tude of  the  liquid/solid  interface  pressure  for  the  correspond- 
ing material  and  drop  velocity  as  presented  in  Table  7. 


Plots  of  the  transient  stresses  resulting  from 

a 2.0  mm  diameter  water  drop  impacting  zinc  sulfide  at  730  ft/ 

sec  are  presented  in  Figures  5^  through  58.  The  stresses  at  a 

depth  z = 0.5  mils  (12.7  |jm)  are  plotted  as  a function  of  radial 

distance,  R,  from  the  center  of  impact  at  preselected  times  of 

0.1,  0.2,  0.3  and  0.4|j.sec.  Principal  stress  components  (a  ) 

z z p 

and  (CTrr)p  are  shown  in  Figures  5^-  and  55,  and  stresses  in  the 
original  cylindrical  coordinate  system  a , a , and  a are 
shown  in  Figures  56  through  58.  Since  the  stress  calculations 
were  made  near  the  surface,  resulting  in  near  zero  shear 
stresses,  the  behavior  of  the  principal  stresses  is  similar  to 
the  stresses  in  the  original  coordinate  system.  Plots  of  the 
principal  stresses  were  an  output  for  all  impact  cases  and  are 
included  in  this  section  for  completeness.  However,  they  were 
not  used  for  the  study  of  impact  phenomenon  and  for  the  compari- 
son with  experimental  data. 
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Figure  55.  Temporal  Distribution  of  Principal  Radial  Stress  (at  Z = 0.0005  inches)  for  a 2.0  mm 

Water  Drop  Impacting  ZnS  at  730  ft/sec 
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Figure  58.  Temporal  Distribution  of  Shear  Stress  (at  Z ■ 0.0005  inches)  for  a 2.0  mm  Water  Drop 

Impacting  ZnS  at  730  ft/sec 


From  Figure  56  we  see  that  the  normalized 

axial  stress  a is  compressive  with  a value  of  -1.0  under  the 
z z 

loaded  region  and  is  zero  elsewhere,  except  in  the  vicinity  of 

the  shear  wave  front  where  a small  tensile/compressive  spike  is 

noted.  The  normalized  radial  stress  arr.  Figure  57,  is  generally 

compressive  under  the  loaded  region  with  a value  of  about  -.07, 

but  it  takes  on  significant  tensile  values  outside  the  loaded 

region  with  a tensile  spike  occurring  in  the  vicinity  of  the 

shear  wave  front.  It  is  these  tensile  stresses  which  cause  the 

ring  fracture  damage  in  the  impacted  material.  As  expected  near 

the  material  surface,  the  normalized  shear  stress  a shown  in 

rz 

Figure  58  takes  on  near  zero  values  except  at  the  boundary  of 
the  loaded  region  and  in  the  vicinity  of  the  shear  wave  front. 
However,  the  validity  of  the  magnitude  of  the  spikes  predicted 
are  questionable  due  to  the  sharp  discontinuity  in  the  assumed 
pressure  distribution  at  the  boundary  of  the  loaded  area  and 
the  numerical  instability  that  exists  in  the  shear  and  Rayleigh 
wave  front  regions.  Plots  of  hoop  stress  were  not  developed 
for  this  case  and  thus  are  not  presented.  This  stress  would  be 
primarily  compressive  under  the  loaded  region  and  would  take  on 
small  tensile  values  just  outside  the  load  boundary. 

In  Figures  54  through  58,  plots  of  stress 
versus  radial  location  were  presented  for  zinc  sulfide  at  various 
preselected  times  after  impact.  The  transient  effects  at  various 
locations  in  the  material  are  not  easily  assessed  from  such  a 
format.  Therefore,  the  same  basic  data  has  been  replotted  as 
stress  versus  time  at  preselected  radial  locations 
in  the  zinc  sulfide  as  shown  in  Figures  59  through  64.  These 
plots  show  both  the  magnitude  and  the  duration  of  the  stress 
levels  experienced  at  various  discrete  material  locations.  It 
should  be  noted  that  these  plots  are  for  a depth  of  0.2  mils 
(5.1  him)  as  compared  to  the  plots  presented  in  Figures  54  through 
58  which  were  for  a depth  of  0.5  mils  (12.7  him).  When  the  pro- 
gram was  modified  to  change  the  continuous  variable  which  was 
plotted,  the  depth  z was  also  decreased.  A depth  of  0.2  mils 
was  as  close  as  it  was  practical  to  approach  the  surface  without 
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Figure  60.  Temporal  Distribution  of  Principal  Axial  Stress  (at  Z * 0.0002)  for  a 2.0  mm  Water 

Drop  Impacting  ZnS  at  730  ft/sec 
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excessive  computation  time  and  noise  in  the  output  data. 
Decreasing  the  depth  caused  the  stress  peaks  in  Figures  59 
through  64  to  be  somewhat  higher  than  those  presented  in  Figures 
54  through  58. 


b.  Effect  of  Material  Properties  on  Stress 

A review  of  the  material  properties  presented 
in  Table  8 indicates  that  with  the  exception  of  ultimate  strength, 
differences  in  properties  among  the  infrared  window  materials 
are  relatively  small.  Compared  to  the  infrared  window  materials 
evaluated,  PMMA  has  similar  strength  and  Poisson's  ratio,  but 
its  other  properties  are  quite  different.  The  elastic  modulus 
of  PMMA  is  about  one- tenth  that  of  the  group  of  window  materials 
and  the  density  about  one-fourth,  resulting  in  wave  speeds  about 
one-half  those  in  the  window  materials. 

A comparison  of  predicted  normalized  radial 
stresses  at  a depth  of  0.5  mils  (12.7  pm)  resulting  from  a 2.0 
mm  water  drop  impacting  at  730  ft/sec  can  be  made  for  zinc  sele- 
nide,  zinc  sulfide,  gallium  arsenide,  germanium  and  PMMA  from 
Figures  65  through  69,  respectively.  Only  the  radial  component 
of  stress  is  presented  in  these  figures.  Based  on  current 
analytical  and  experimental  evidence,  it  is  primarily  the  radial 
stress  component  which  is  felt  to  be  instrumental  in  the  failure 
process.  Although  there  are  differences  in  properties  among  the 
four  infrared  window  materials,  the  differences  in  normalized 
radial  stresses  are  slight.  The  only  apparent  effects  noted  in 
comparing  Figures  65,  66,  67,  and  68  are  the  small  differences 
in  distance  traveled  by  the  stress  peaks  in  a given  material  at 
a particular  time.  Figure  69  shows  that  the  radial  stress  peaks 
at  a particular  time  have  traveled  only  half  as  far  in  PMMA  as 
they  have  traveled  in  the  infrared  window  materials.  This 
corresponds  to  the  fact  that  the  wave  speeds  in  PMMA  are  only 
one-half  those  in  the  window  materials. 


STRESS  S-  RR  -(PSD 

-0. 40  0.00  0.40  0.30 


CRSF  3tt  2NSF. 


- 2.GMM  DROP  m 730  FT/5FC 


o 

r\J 


Z-CCNSTfiNT-  CIN.  1 

0.0005 

T-  (MICRO- SEC) 

DROP  SIZE- (MM) 

2.00 

q 0. 1000 

DROP  VFL-  (FT/SEC) 

730.0 

A 0 . 2000 

P ZERO- (P5I) 

-1.0 

+ 0.3000 

MQ7ERIPL  M0OULUS- 

(PS  1 5 

9.750  X10* 

* 0.4000 

POISSON'S  fVJTIO-C- 

— ) 

0.300 

MPTFRIflL  DENSITY- 

(L8/I  N**3) 

0. 1900 
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A summary  of  the  magnitudes  of  the  peak 
radial  tensile  stresses  for  the  five  materials  is  presented  in 
Table  9.  These  stresses  were  obtained  by  multiplying  the  peak 
normalized  stresses  from  Figures  65  through  69  by  the  appropri- 
ate interface  pressures  from  Table  7.  The  magnitude  of  the  peak 
stress  is  much  lower  for  PMMA  than  for  the  other  materials  due 
to  a lower  normalized  value  combined  with  the  lower  pressure  at 
the  drop/substrate  interface.  The  peak  normalized  tensile 
stresses  in  PMMA  are  about  one  half  the  magnitude  of  the  values 
for  the  infrared  window  materials  while  the  pressure  produced 
at  the  interface  for  PMMA  is  about  two-thirds  that  produced  for 
the  window  materials,  resulting  in  the  absolute  peak  tensile 
stress  in  PMMA  being  about  one-third  that  in  the  window  materials. 
Thus,  differences  in  maximum  stresses  are  directly  related  to 
the  differences  in  interface  pressure,  which  are  in  themselves 
a function  of  the  substrate  material  stiffness  and  density,  and 
also  directly  related  to  differences  in  the  transient  response 
of  a particular  substrate  material  for  the  same  type  of  loading 
function.  However,  within  the  limited  range  of  property  varia- 
tions associated  with  the  stiffer  and  more  dense  infrared  window 
materials  considered  in  this  analysis,  differences  in  interface 
pressure  and  in  transient  response  are  small.  The  ability  to 
resist  damage  from  rain  drop  impact  would  appear  to  be  related 
primarily  to  the  fracture  strengths  and  fracture  toughnesses  of 
the  window  materials  rather  than  to  their  elastic  properties. 

c.  Effect  of  Drop  Size  and  Impact  Velocity  on 

Stresses 

The  influence  of  drop  size  and  impact  velocity 
on  predicted  stresses  in  zinc  selenide  is  shown  in  Figures  70 
through  7b.  Figures  70,  71, and  72  present  normalized  radial 
stresses  at  a depth  of  0.2  mils  (5.1  pm)  as  a function  of  time 
for  0.7,  2.0,  and  2.5  mm  diameter  drops  impacting  at  730  fps. 
Figures  73  and  7 b present  radial  stresses  at  a depth  of  0.2  mils 
(5-1  pm)  as  a function  of  time  for  0.7  and  2.0  mm  diameter  drops 
impacting  at  1120  fps.  Examination  of  the  data  in  these  figures 
permits  an  assessment  of  the  roles  of  drop  size  and  impacting 
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TABLE  9 

PREDICTED  PEAK  RADIAL  TENSILE  STRESSES  FOR 
2.0  mm  DROP  IMPACTING  AT  730  FT/SEC (a) 


Material 

Stress  (psl) 

ZnSe 

31,100 

ZnS 

28, 400 

GaAs 

29, 000 

Ge 

25,700 

PMMA 

10,300 

i Stresses  predicted  at  z 

= 0.0005  in  (12.7'ilm) 
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Impacting  ZnSe  at  730  ft/sec 
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Figure  7 1 . Temporal  Distribution  of  Radial  Stress  (at  Z = 0.0002  in.)  for  a 2.0  mm  Water  Drop 

Impacting  ZnSe  at  730  ft/sec 


STRESS  S-  RR  -(PSD 

,-0.80  -0.40  -0.00  0.40  0.30  1.00  1.60 


fl$E 


.CO  0,09  : 0.16, 

0r24 

0.32;  ■ 0, 40; 

TIME- 

(MICRO^-SECI 

. ? • 1 

1 i : : 

Z-CONSTRNT-  (IN.)  0.G002| 

i ! 

i 

i 

I j 

R-  f INCHED  I 

DROP  SIZE- CflM)  ,2.50  } 

i 

$ 0.0040 

CROP  VEL-  (FT/5EC)  730.0 

i : ! ! 

A G. 0080  ! 

P ZERO- (PSD  i -1.0 

i 

t 

+ 0.0,120  ; 

MPTERIPL  MOOOlUS- (PSP 

| 

9.750  XlQ6  • 

: x 0.0160 

POISSONS  SPTIO-  ( — .-1 

0.300  ! , 

& 1 0.0200 

‘s«i  ,.;i„ !;. 

! ; i 

, . . . i . . . .1. . • ,i. . . . i i 

o.4a 


Figure  72.  Temporal  Distribution  of  Radial  Stress  (at  Z = 0.0002  in.)  for  a 2.5  mm  Water  Drop 

Impacting  ZnSe  at  730  ft/sec 
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velocity  on  the  magnitude  of  the  radial  stresses.  Although 
this  discussion  is  limited  to  a single  material,  zinc  selenide, 
the  trends  are  applicable  to  zinc  sulfide,  gallium  arsenide, 
and  germanium. 


Highlights  of  these  figures  are  summarized 
in  Figure  75  where  peak  absolute  radial  tensile  stress  in  zinc 
selenide  is  plotted  as  a function  of  drop  diameter  and  velocity 
at  depths  of  0.2  mils  (5-1  nni)  and  0.5  mils  (12.7  ^m).  From  the 
results  shown  in  Figure  75  it  is  possible  to  relate  peak  tensile 
stress  to  drop  diameter  and  to  impact  velocity  over  the  range 
of  variables  investigated.  The  peak  radial  stress  at  both  depths 
increases  as  the  drop  diameter  raised  to  the  0.55  power  when  the 
velocity  is  730  fps.  At  the  higher  velocity  of  1120  fps,  peak 
radial  stress  increases  as  the  drop  diameter  raised  to  the  0.7 
power. 


When  the  influence  of  impact  velocity  is 
examined  at  the  0.5  mil  (12.7^)  depth  peak  radial  stresses  are 
found  to  be  approximately  proportional  to  the  velocity  squared. 
Nearer  the  surface  at  the  0.2  mil  (5-1  nm)  depth  the  exponent 
for  velocity  is  slightly  higher  than  2.  These  relationships 
between  peak  stress  and  impact  velocity  agree  reasonably  well 
with  the  relative  energies  of  impact  which  are  proportional  to 
velocity  squared. 


Further  comparison  of  Figures  70  through  74 
shows  that  as  both  drop  size  and  impact  velocity  increase,  not 
only  does  the  peak  tensile  stress  increase,  but  also  the  radial 
distance  from  the  center  of  impact  to  the  location  where  the 
stresses  become  positive  (tensile)  increases.  Specifically, 
considering  a radial  location  4.0  mils  (0.10  mm)  from  the  impact 
center  for  the  730  fps  impact  velocity,  it  is  apparent  that  as 
drop  size  increases  both  the  magnitude  of  the  stress  and  time 
duration  for  which  the  stress  is  positive  decrease.  In  fact, 
for  the  2.5  mm  drop  no  positive  state  of  stress  is  predicted  at 
this  location.  A similar  conclusion  can  be  reached  for  the  effect 
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Figure  75.  Variation  of  Peak  Radial  Stress  in  ZnSe  (at  Z = 0.0002  and  0.0005  inches)  With  Drop 

Size  and  Impacting  Velocity 


of  increasing  velocity.  Comparing  results  for  the  2.0  mm  drop 
size  at  identical  radial  locations  for  the  two  velocities 
(Figures  71  and  74), it  is  seen  that  both  the  magnitude  of  the 
stress  and  the  time  duration  when  it  is  positive  are  smaller  for 
the  higher  impact  velocity. 

For  a particular  instant  of  time,  tensile 
stresses  do  not  exist  directly  under  the  loaded  region.  Radial 
tensile  stresses  cannot  be  generated  until  the  disturbances  have 
propagated  a sufficient  distance  outside  the  loaded  region. 
Referring  to  Equations  (6)  and  (7)  in  Section  III. A.,  the  time 
at  which  disturbances  generated  by  drop  impact  are  able  to  move 
outside  the  loaded  region  is  directly  proportional  to  the  drop 
radius  and  impact  velocity.  Thus,  the  distance  from  the  center 
of  Impact  to  the  location  where  a radial  tensile  stress  can 
exist  should  increase  with  increasing  drop  size  and  impact  velo- 
city. 


2.  Layered  Systems 

One  hardening  procedure  under  current  consideration 
for  infrared  windows  is  the  use  of  a more  erosion  resistant  mate- 
rial as  a protective  layer  on  a less  erosion  resistant  material 
which  has  better  infrared  transmittance.  In  this  configuration, 
the  pressure  pulse  imparted  to  the  surface  of  the  laminate  by 
the  impacting  drop  propagates  spherical  waves  which  transmit  to 
the  substrate  forces  which  are  not  normal  to  the  Interface.  In 
this  case,  the  governing  field  equations  and  boundary  conditions 
at  the  interface  are  complex  and  pose  a very  difficult  mathe- 
matical problem.  While  it  is  a formidable  task  to  solve  the 
coupled  mathematical  problem.  Blowers' method  for  predicting 
the  stresses  in  an  elastic  half-space  affords  a reasonable  quan- 
titative evaluation  of  the  local  stress  conditions  within  the 
layered  configuration.  This  method  will  yield  a first  order 
approximation  of  the  actual  stresses,  provided  that  the  elastic 
properties  do  not  differ  too  much  from  one  material  to  the  other. 
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Trends  to  be  expected  in  a zinc  sulfide/zinc 
selenide  bilayered  system  were  estimated  on  the  basis  of  stresses 
computed  at  various  depths  in  homogeneous  slabs  of  zinc  sulfide 
and  zinc  selenide.  From  results  of  the  experimental  investiga- 
tion, zinc  sulfide  was  chosen  as  the  most  likely  candidate  for 
use  as  a protective  layer  because  of  its  superior  resistance  to 
liquid  drop  impacts.  The  similarity  in  the  transient  stress 
response  of  the  two  materials,  as  evidenced  by  prior  analyses, 
suggested  that  the  behavior  of  a thin  layer  of  zinc  sulfide  over 
zinc  selenide  might  be  inferred  from  interpolation  between  results 
for  the  two  materials  considered  separately.  This  series  of 
analyses  was  conducted  for  a 2.0  mm  water  drop  impacting  zinc 
sulfide  and  zinc  selenide  at  a velocity  of  730  fps.  Stresses 
were  calculated  as  functions  of  radial  distance  from  the  center 
of  impact  at  depths  of  5,  10,  13  and  20  mils  (0.13,  0.25,  O.38 
and  0.51  nm)  for  selected  times  from  0 to  0.48  microseconds. 

Typical  results  for  zinc  sulfide  are  presented 
in  Figures  76  through  8l  which  depict  stress  as  a function  of 
radial  position  for  various  depths  at  0.2  microseconds  after 
impact.  Both  principal  stresses  and  stresses  in  the  coordinate 
axes  are  presented  with  the  exception  of  the  hoop  stress  where 
the  principal  and  coordinate  stresses  are  identical  and  only 
one  plot  is  shown.  Examination  of  the  plots  indicates  that  the 
magnitudes  of  all  stresses  decrease  rapidly  as  a function  of 
depth.  At  a depth  of  5 mils  (0.13  mm)  the  maximum  principal 
radial  stress  is  only  about  6000  psi  based  on  the  normalized 
stress  from  Figure  77  multiplied  by  the  appropriate  interface 
pressure  in  Table  7.  This  stress  is  quite  small  compared  to  a 
peak  predicted  value  of  78,000  psi  calculated  at  a depth  of  0.1 
mils  (2.5  M-m).  However,  large  shear  stresses,  about  20,000  psi, 
at  the  5 mil  (0.13  mm)  depth  may  influence  interface  strength 
requirements.  Generally,  the  shear  stress  tends  to  peak  at  a 
distance  between  0.2  and  5-0  mils  (0.00 5 and  0.13  mm)  below  the 
surface,  decreasing  rapidly  at  greater  depths.  Thus,  the 
requirement  for  high  interface  shear  strength  could  be  offset 
by  utilizing  a thicker  outer  layer. 
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For  the  outer  layer  thicknesses  of  10,  20,  and 
40  mils  (0.25,  0.50,  1.0  mm)  of  zinc  sulfide  on  zinc  selenide 
used  in  the  experimental  work,  the  analytical  results  indicate 
that  no  ring  fractures  should  be  observed  in  the  zinc  selenide 
substrate.  Even  accounting  for  the  fact  that  shear  strength 
might  be  higher  than  the  measured  flexural  strength,  the  low 
value  of  flexural  strength  for  zinc  selenide  suggests  a strong 
possibility  of  an  interface  shear  failure  of  the  10  mil  (0.25  mm) 
sample,  possible  failure  of  the  20  mil  (0.50  mm)  sample,  but  no 
failure  of  the  40  mil  (1.0  mm)  sample.  If  shear  strength  is 
not  a limitation,  the  outer  zinc  sulfide  layer  could  be  even 
thinner  than  10  mils  (0.25  mm)  as  shown  by  Figure  82.  This 
figures  relates  the  maximum  principal  radial  tensile  stress  to 
layer  depth  for  zinc  selenide  for  depths  less  than  6 mils 
(0.15  mm)  at  0.1  microseconds  after  impact.  The  curve  for  zinc 
sulfide  is  practically  identical  and  therefore  not  shown.  The 
curve  in  Figure  82  shows  that  a zinc  sulfide  layer  thickness  as 
low  as  5 mils  (0.13  mm)  might  be  sufficient  to  prevent  the 
formation  of  fracture  in  the  zinc  selenide  substrate. 

The  analysis  predicts  that  the  zinc  sulfide 
thicknesses  of  10,  20  and  40  mils  (0.25,  0.51  and  1.02  mm) 
selected  for  experimental  evaluation  should  prevent  fracture  of 
the  zinc  selenide  by  single  drop  impact.  Not  only  are  the 
stress  levels  in  the  zinc  selenide  too  low  to  generate  fracture, 
but  the  thickness  of  the  zinc  sulfide  is  too  great  for  cracks 
to  propagate  from  it  into  the  zinc  selenide.  The  prediction 
of  absence  of  ring  fractures  in  the  zinc  selenide  was  verified 
by  the  experimental  work  described  in  Section  II. F.  Single 
drop  Impact  experiments  with  zinc  sulfide  layers  less  than  10 
mils  (0.25  mm)  thick  to  establish  the  threshold  for  damage  on 
the  zinc  selenide  substrate  would  provide  additional  verification 
of  the  analytical  model. 
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Water  Drop  Impacting  ZnSe  at  730  ft/sec 


C.  Comparison  with  Experimental  Results 

Table  10  summarizes  the  predicted  peak  radial  tensile 
stresses  at  depths  of  0.5  and  0.2  mils  (12.7  and  5.1  pm)  for  zinc 
selenide,  zinc  sulfide,  gallium  arsenide,  germanium,  and  PMMA  for 
all  drop  sizes  and  impact  velocities  analyzed.  Even  at  the 
greater  depth  of  0.5  mils  (12.7  pm) , these  stresses  equal  or 
exceed  the  material  ultimate  strengths  presented  in  Table  8. 

Closer  to  the  surface,  predicted  stresses  are  at  least  two  or 
more  times  the  material  strengths.  Thus,  for  the  five  materials 
considered  and  for  the  range  of  drop  sizes  and  velocities  investi- 
gated, the  mathematical  model  predicts  that  material  failures 
should  have  occurred. 

The  analytical  model  predicts  that  ring  fracture  from 
single  drop  impact  is  a surface  phenomenon.  Figure  82  shows  the 
peak  radial  stress  in  zinc  selenide  falls  off  rapidly  below  a 
depth  of  1 mil  (25  pm)  and  by  4 mils  (100  urn)  is  less  than  the 
reported  fracture  strength.  Figure  82  is  for  zinc  selenide,  but 
an  almost  identical  curve  is  predicted  for  zinc  sulfide.  The 
stress  drops  below  the  reported  fracture  strength  of  zinc  sulfide 
at  a depth  of  only  2 mils  because  of  the  higher  strength  of  zinc 
sulfide.  These  data  indicate  that  zinc  selenide  should  be  more 
severely  damaged  than  zinc  sulfide  by  a single  drop  impact. 

The  greater  damage  to  zinc  selenide  was  borne  out  by  the 
results  of  the  single  drop  experiments.  However,  zinc  selenide 
was  damaged  to  a much  greater  degree  than  was  zinc  sulfide  to  be 
explained  merely  by  the  difference  in  depth  where  stress  falls 
below  the  fracture  strength.  Figure  1 shows  that  the  zinc 
selenide  has  a high  percentage  of  grains  with  diameters  as  large 
as  4 mils  (100  pm).  These  diameters  are  of  the  order  of  the 
depth  of  significant  peak  radial  stresses.  It  is  logical  to 
expect  that  the  ring  fractures  would  penetrate  to  at  least  this 
depth.  The  largest  grains  in  the  zinc  sulfide,  on  the  other  hand, 
have  diameters  of  about  0.4  mils  (10|am).  Ring  fractures  would  have  to 
penetrate  across  five  or  more  grains  within  the  layer  where  the 
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stress  is  above  the  fracture  strength.  It  is  not  likely  that 
the  ring  fractures  will  extend  that  deep  because  extra  energy  is 
required  for  the  fractures  to  cross  grain  boundaries  and  pro- 
pagate in  neighboring  grains  at  different  crystallographic 
orientations.  It  appears  probable  that  the  fracture  domains  for 
a single  drop  impact  extends  to  a depth  comparable  to  one  grain 
diameter,  i.e.,  4 mils  (100  pm)  for  zinc  selenide  and  0.4  mils 
(10  (im)  for  zinc  sulfide.  This  fracture  domain  for  zinc 
sulfide  corresponds  to  the  depth  of  the  deepest  crack  found  dur- 
ing the  electron  microscopic  examination  of  the  zinc  sulfide 
specimen  progressively  eroded  in  the  rainfield  (Figure  38d). 

The  experimentally  measured  annular  ring  fracture  radii  in 
Tables  2 and  4 are  compared  in  Figure  83  with  the  theoretical 
lateral  outflow  angles  and  drop  radii.  Strictly  speaking,  the 
radii  for  PMMA  shown  in  Figure  83  are  for  the  indented  annulus. 
For  the  range  of  variables  investigated  there  appears  to  be  no 
direct  relationship  between  the  location  of  the  ring  fracture 
zone  and  the  theoretical  outflow  angle.  For  the  2.0  and  2.5  mm 
water  drops  impacting  at  730  fps,  the  major  extent  of  ring  crack- 
ing occurred  at  locations  where  the  theoretical  lateral  outflow 
angles  were  10  to  25  degrees.  For  the  0.7  mm  drops  impacting 
at  730  fps,  most  of  the  ring  cracking  extended  well  beyond  the 
region  where  the  lateral  outflow  angle  was  25  degrees.  At  the 
higher  velocity  of  1120  fps,  most  of  the  ring  cracking  also 
extended  beyond  the  region  where  the  lateral  outflow  angle  was 
25  degrees. 

The  effects  of  drop  size  and  impact  velocity  are  shown  quite 
clearly  in  Figure  78  for  PMMA  and  zinc  selenide.  At  a constant 
impact  velocity  of  730  fps,  it  is  apparent  that  the  size  of  the 
ring  fracture  zone  and  the  inner  radius  of  the  zone  tend  to 
increase  with  increasing  drop  size.  At  a constant  drop  size  of 
2.0  ^m,  it  is  apparent  that  the  ring  fracture  zone  and  the 

inner  radius  of  the  zone  also  increase  with  increasing  velocity. 
These  trends  are  consistent  with  the  results  presented  in  the 
section  on  the  effect  of  drop  size  and  impact  velocity,  III.B.l.c. 
Further  examination  of  Figure  83  indicates  a dependency  of  the 
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Figure  83.  Comparison  of  Ring  Crack  Fracture  Radii  to  Theoretical  Lateral  Outflow  Angle 


annular  width  of  the  fracture  zone  on  the  material  ultimate 
tensile  strength.  Although  not  completely  evident  for  0.7  mm 
drop  impact  results,  the  remaining  experimental  data  indicate  an 
apparent  trend  of  decreasing  width  of  fracture  zone  with  increas- 
ing material  strength. 

Examination  of  the  stress  plots  presented  in  the  various 
sections  for  the  various  materials  shows  that  the  stresses  in 
the  region  between  the  center  of  impact  and  the  first  ring  of 
cracks  is  of  sufficient  magnitude  to  exceed  the  ultimate  strengths 
of  the  materials.  However,  the  wave  forms  are  sharp  triangular 
spikes.  The  fact  that  failure  does  not  occur  in  this  region 
suggests  that  the  very  high  strain  rates  (ICr  to  10°  in/in/sec, 
equivalent  to  about  10-*-2  to  10-*-3  psi/sec)  associated  with 

the  initial  portion  of  the  transient  loading  result  in  an 
effective  material  strength  considerably  greater  than  that 
measured  with  flexural  tests.  The  experimental  results  show 
that  failure  is  not  observed  until  a radial  location  is  reached 
where  the  computed  stress  waveform  begins  to  broaden  (i.e. 
longer  time  duration  of  the  positive  radial  stress)  suggesting 
a rate  sensitivity  for  material  strength. 

These  observations  might  be  explained  also  by  consideration 
of  the  amount  of  material  subjected  to  a particular. stress 
level.  Inasmuch  as  the  strength  of  brittle  materials  is 
statistical  in  nature,  one  would  expect  a higher  stress  level 
to  be  sustained  by  a smaller  volume  (or  area)  of  material  than 
by  a larger  volume  (or  area).  For  the  parameters  associated 
with  the  experiments,  it  would  be  surprising  if  the  strength 
evidenced  by  the  smaller  volume  would  be  more  than  twice  that 
of  the  larger  volume  where  failure  occurred.  Therefore,  the 
statistical  strength  aspect,  while  important,  does  not  appear 
to  be  the  dominant  aspect  of  the  observed  behavior. 

A degree  of  caution  must  be  used  in  interpreting  the 
results  from  the  analytic  model  because  of  the  following 
assumptions  inherent  in  the  model: 
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1.  The  substrate  is  homogeneous  (i.e.,  defect  free  and  without 
provisions  for  any  redistribution  of  stresses  as  a result  of 
local  material  failures. 

2.  A uniform  and  constant  interface  pressure  in  the  loaded 
regions . 

1 

3.  The  radius  of  the  loaded  area  increases  at  . Since  there 
are  no  provisions  in  the  model  for  load  removal  as  there  would 
be  in  the  actual  liquid  drop  impact  process,  an  alternate 
method  was  used  to  correlate  experimentally  measured  fracture 
zones  with  the  analytical  stress  predictions. 

It  can  be  assumed  that  the  passage  of  stress  waves  generated 
by  the  drop  impact  disturbance  past  any  radial  position  will 
have  a similar  time  duration  as  the  loading.  Empirical  and 
theoretical  data  show  that  when  the  lateral  outflow  angle 
reaches  25  degrees,  the  pressure  at  the  drop/substrate  interface 
has  decreased  to  nearly  zero.  An  estimate  of  load  duration  can 
therefore  be  made  from  the  time  taken  to  reach  this  critical 
lateral  outflow  angle.  Referring  to  Figure  53»  load  durations 
of  O.O96  M-sec  for  0.7  mm  drops  and  0.275  p sec  for  2.0  mm  drops 
impacting  at  1120  fps  are  obtained  for  a critical  lateral  outflow 
angle  = 25  degrees.  These  loading  durations  served  as  the 
basis  for  modifying  the  predicted  stress  curves  for  impact  at 
1120  fps  to  provide  for  decay  of  the  stress.  A similar  procedure 
was  not  attempted  for  730  fps  impact  cases  because  curves  were 
not  available  at  sufficiently  large  radial  distances  to  encompass 
the  outer  radii  of  the  fractured  zones. 

Figure  84  presents  the  radial  stresses  resulting  from  0.7 
mm  drop  impacting  PMMA  at  1120  fps  with  the  dashed  lines  represent- 
ing the  decay  of  the  stress  at  each  radial  position  approximately 
O.O96  ^sec  from  the  time  the  disturbance  is  first  felt.  At  a 
radial  position  of  r = 0.004  in.  (0.10  ^m),  a tensile  spike 
having  a duration  less  than  0.02  psec  is  predicted.  The  stress 
then  becomes  highly  negative  because  the  region  of  loading  very 
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quickly  moves  over  this  location.  A material  failure  would  not 
be  expected  to  result  from  this  short  duration  tensile  loading. 

At  a radial  location  of  r - 0.008  inch  (0.20  mm),  the  magnitude 
of  the  peak  tensile  stress  has  increased  and,  more  importantly, 
the  time  duration  of  the  tensile  stress  has  increased  to  0.07 
M-  sec.  For  r >=  0.016  inch  (0.406  mm)  the  magnitude  and  duration 
of  the  tensile  stress  becomes  very  small  indicating  that  material 
failure  is  unlikely  beyond  this  position. 

Similar  modified  results  for  a 2.0  mm  drop  impacting  PMMA 
at  1120  fps  are  presented  in  Figure  85  and  86  where  the  stress 
at  each  radial  location  is  assumed  to  decay  to  zero  0.275  ^ sec 
after  the  disturbance  is  first  felt.  These  curves  show  that 
tensile  stresses  having  a significant  time  duration  occur  between 
radial  location  r - 0.012  inch  (O.305  mm)  and  r = 0.040  inch 
(1.02  mm).  These  values  agree  reasonably  well  with  the  experimental 
data  for  2.0  mm  drop  impact  on  PMMA  presented  in  Table  4 and 
Figure  83,  where  the  average  inner  ring  fracture  radius  was 
0.013  inch  (0.33  mm)  and  the  average  outer  radius  was  0.035 
inch  (0.88  mm) . 

A similar  analysis  was  conducted  for  ZnSe  for  an  impact 
velocity  of  1120  fps.  For  a 0.7  mm  drop  impact  on  ZnSe,  the 
annular  region  where  tensile  radial  stresses  occur  lies  between 
r -=  0.004  inch  (0.102  mm)  and  r = 0.016  inch  (0.406  mm).  No 
experimental  data  are  available  for  comparison  since  impact  with 
0.7  mm  drop  was  not  performed  at  1120  fps.  For  a 2.0  mm  drop 
impact  on  ZnSe,  the  predicted  inner  radius  of  the  annular 
region  lies  between  r - 0.004  inch  (0.102  mm)  and  r = 0.008 
inch  (0.203  mm).  However,  at  r = 0.004  inch  the  predicted  time 
duration  of  positive  stress  is  only  about  0.02  usee,  probably 
too  short  to  cause  fracture.  The  computer  analyses  are  limited 
to  radial  locations  up  to  0.040  inch  (1.01  mm)  resulting  in 
insufficient  data  to  predict  the  outer  radius  of  the  annular 
region  for  zinc  selenide.  From  Table  4,  the  measured  average 
annular  region  where  damage  occurred  on  ZnSe  for  2.0  mm  drop 
impacts  at  1120  fps  was  from  r = 0.008  inch  (0.203  mm)  to 


154 


'c.cc  C.1C  0. 20 

C.  30 

0.40 

0,50  j 0.50 

T IME- 

(MICRO-SEC) 

• « ' 

i ' 

1 

! ! > 1 
III:! 

2-rC!N3TfiNT-(lN.J  0.000?. 

1 ■ i i i 

• ; • • | 

h-  f IMCMC‘3)  ! • 1 . 

1 1 * 

CROP  3I2L-CMM)  :2.C'0' 

. i , 1 

. • i 

■ i 

. ' 1 

6 

0.0040  ; . ! 

• . 

no-fj  voL-  (FT/^oi  ; 1120.0 

: ! ! ,i  ! 

* 

• 

! ^ 

b.coac  i 1 

{ J ! 1 

r v*;f«j-(psn  j -1.0 1 • 

. j 1 I 

♦ • : • 4 

• , 

4* 

0.0120  : . . ! 

r^TfnicL  modulus- iron  : 

■ , | 

1.30‘J  Xicf  ! 

X 

0.0160'  ' i . 

POISSON'S  SfiTiC-*  (---) 

0.32‘J' 

i : 

<> 

0. 0200 

M'.TfHiq.  0D1SJ7T-  tLB/INJ*»«31 

0.  Cl12?I  ' i 

i i 

1 S 

I 

t * ! * » *l 

; i ! 
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r = 0.040  inch  (1.01  mm)  which  is  within  the  region  where  positive 
radial  stresses  of  significant  duration  are  predicted. 

Conclusions  for  0.7  and  2.0  mm  drop  impacts  on  ZnS  are  basically 
the  same  as  for  ZnSe  due  to  the  similarity  in  material  properties. 

The  predicted  locations  of  the  radii  of  the  annular  damage 
sites  agree  quite  well  with  the  experimental  data  indicating 
that  the  computer  program  provides  a reasonable  model  of  the 
impact  process.  However,  the  program  requires  the  assumption 
that  the  magnitude  of  the  drop/substrate  interface  pressure  is 
constant  during  the  loading  process.  In  reality,  the  pressure 
starts  at  zero,  quickly  rises  to  a maximum,  and  then  gradually 
decays  to  zero.  This  variation  of  pressure  with  time  will 
certainly  influence  the  magnitude  of  the  predicted  tensile 
stress.  In  particular,  it  would  tend  to  significanly  reduce 
the  stress  levels  at  points  far  from  the  center  of  impact. 
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IV. 


CONCLUSIONS 


A.  Experimental  Investigation 

Experience  with  the  installation  and  operation  of  a 
single  drop  generator  demonstrated  that  it  is  possible  to  inves- 
tigate in  a controlled  manner  the  incubation  state  of  rain 
erosion  of  infrared  window  materials  in  the  AFML/Bell  rain  ero- 
sion facility.  Drops  with  a preselected  diameter  ranging  from 
0.7  to  2.5  mm  can  be  obtained  with  the  single  drop  generator. 

The  drops  remain  intact  and  do  not  distort  at  specimen  veloci- 
ties up  to  1120  fps,  the  highest  velocity  investigated. 

The  single  drop  experiments  provided  valuable  informa- 
tion on  the  response  of  zinc  selenide,  zinc  sulfide  and  gallium 
arsenide  to  rain  drop  impact.  The  impact  of  a single  water  drop 
at  73°  fps  produced  a distinct  and  characteristic  annulus  of 
ring  fractures  on  all  three  materials.  The  ranking  of  the  three 
materials  with  respect  to  increasing  resistance  to  damage  by  a 
single  2.0  mm  diameter  drop  impact  at  73°  fps  was  zinc  selenide, 
gallium  arsenide,  and  zinc  sulfide.  Pesistance  to  damage  was 
not  related  to  hardness  or  fracture  strength  both  of  which 
increase  in  the  order  zinc  selenide,  zinc  sulfide,  and  gallium 
arsenide. 


The  characteristics  of  the  ring  fractures  formed  by 
2.0  mm  diameter  water  drop  impact  at  730  fps  were  quite  different 
for  each  material.  The  fractures  on  zinc  selenide  were  predom- 
inantly transgranular  with  some  intergranular  fracture  near  the 
inner  radius  of  the  damaged  annulus.  Dislocations  were  also 
generated  near  the  inner  radius.  Extensive  subsurface  damage 
was  also  present  at  single  drop  impact  sites.  This  subsurface 
damage  was  associated  with  surface  cracks  which  changed  direction 
as  they  propagated  below  the  surface.  The  ring  fractures  on 
zinc  sulfide  were  completely  transgranular  with  no  evidence  of 
dislocation  generation.  The  fractures  were  quite  shallow  and 
subsurface  damage  was  absent.  The  fractures  on  gallium  arsenide 
differed  from  those  on  zinc  selenide  and  zinc  sulfide  because  of 
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the  extremely  large  grain  size  of  the  gallium  arsenide.  A typi- 
cal grain  was  several  times  larger  than  a single  drop  impact  site. 
The  ring  fractures  on  gallium  arsenide  displayed  distinctive 
crystallographic  orientation,  probably  Cn°3  cleavage.  Subsur- 
face damage  could  not  be  assessed  since  gallium  arsenide  is  not 
optically  transparent. 

No  surface  or  subsurface  defects  which  would  influence 
the  response  of  the  material  to  single  drop  impact  were  found  on 
any  of  the  zinc  selenide  or  zinc  sulfide  specimens.  The  surface 
of  the  gallium  arsenide  specimens,  although  visually  a mirror 
finish,  contained  scratches  which  nucleated  additional  damage 
when  a drop  impacted  nearby.  The  primary  cracking  of  gallium 
arsenide  resulted  from  stresses  exceeding  the  cleavage  strength; 
however,  much  secondary  cracking  was  associated  with  the  presence 
of  small  precipitates  within  the  matrix  of  the  grains. 

The  primary  effect  of  increasing  the  drop  diameter 
from  0.7  to  2.0  and  2.5  mm,  as  determined  on  zinc  selenide  at 
730  fps,  was  to  increase  the  size  of  the  annular  fractured  area. 

The  nature  of  the  damage  did  not  vary  with  drop  size  except  for 
noticeably  less  subsurface  penetration  of  the  cracks  generated 
by  a 0.7  mm  diameter  drop.  The  primary  effect  of  increasing  the 
impact  velocity  from  730  fps  to  1120  fps,  as  determined  on  zinc 
selenide  impacted  with  2.0  mm  diameter  drops,  was  to  increase 
the  size  of  the  fractured  area  by  increasing  the  outer  radius  of 
the  annulus.  Increasing  the  impact  velocity  did  not  change  the 
nature  of  the  damage. 

A second  2.0  mm  diameter  drop  impacting  at  730  fps  so 
as  to  overlap  the  ring  fracture  area  formed  by  a prior  drop 
impact  caused  very  little  increase  in  the  damage  from  the  first 
impact  for  all  three  materials.  The  damage  in  the  overlapping 
fractures  appeared  to  be  essentially  additive.  For  zinc  selenide, 
even  a third  drop  impacting  on  the  overlapping  damage  from  two 
prior  Impacts  did  not  nucleate  a pit.  No  overlapping  impact  sites 
from  three  drops  were  formed  on  zinc  sulfide  or  gallium  arsenide. 
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so  no  definite  conclusion  can  be  made.  However,  it  can  be 
assumed  that  more  than  three  drops  impacting  the  same  area  would 
be  required  to  nucleate  a pit  on  these  two  materials  because 
their  resistance  to  damage  from  a single  drop  impact  was  greater 
than  that  of  zinc  selenide. 

A reasonably  complete  correlation  was  established 
between  the  progress  of  erosion  of  the  infrared  window  materials 
in  a rainfield  at  730  fps  and  the  loss  of  transmittance,  based 
on  the  results  for  zinc  sulfide.  Transmittance  at  short  wave- 
lengths (0.5  to  2.1  microns)  decreased  almost  linearly  with  time 
of  exposure  for  all  three  materials  indicating  a dependence  of 
transmittance  loss  on  the  extent  of  subsurface  damage.  However, 
zinc  sulfide  exhibited  a definite  incubation  period  somewhat  greate 
than  160  seconds  before  loss  of  transmittance  at  long  wavelengths 
(2.5  to  25  microns).  After  an  exposure  of  160  seconds,  surface 
pits  had  nucleated  and  started  to  grow.  The  extensive  develop- 
ment of  subsurface  damage  during  the  incubation  stage  prior  to 
pit  nucleation  did  not  reduce  transmittance  at  the  longer  wave- 
lengths. Once  pits  were  nucleated,  the  rate  of  loss  of  trans- 
mittance at  the  longer  wavelengths  was  approximately  proportional 
to  the  growth  rate  of  the  total  cross-sectional  area  of  the  pits. 

Zinc  selenide  and  gallium  arsenide  eroded  at  too 
rapid  a rate  in  the  standard  rainfield  to  permit  the  number  of 
observations  required  to  characterize  the  incubation  period. 
However,  both  materials  did  show  a decrease  in  the  rate  of  trans- 
mittance loss  with  exposure  time  as  the  wavelength  increased. 

The  relationships  between  the  progress  of  erosion  damage  and  the 
loss  of  infrared  transmittance  for  zinc  selenide  and  gallium 
arsenide  are  probably  similar  to  those  described  above  for  zinc 
sulfide,  except  on  a shorter  time  scale  with  fewer  overlapping 
drops  required  to  nucleate  pits. 

It  should  require  at  least  nine  overlapping  drop  impacts 
to  nucleate  a pit  on  zinc  sulfide.  This  conclusion  is  based  on 
(1)  ideal  calculations  of  the  rate  of  drop  impact  and  the 
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distribution  of  impact  sites  on  a specimen  exposed  to  the  stan- 
dard rainfield  at  730  fps  and  (2)  experimental  observations  that 
pits  have  nucleated  on  zinc  sulfide  after  an  exposure  of  160 
seconds.  This  estimate  of  the  number  of  overlapping  impacts 
required  for  pit  nucleation  appears  reasonable  considering  the 
limited  effect  of  overlapping  impacts  observed  in  the  single 
drop  experiments. 

An  outer  layer  of  erosion  resistant  material  is  a pro- 
mising method  to  protect  a less  erosion  resistant  substrate  as 
demonstrated  by  the  behavior  of  zinc  sulfide  layers  of  various 
thicknesses  (0.25,  0.50  and  1.0  mm)  bonded  to  zinc  selenide. 

Single  and  overlapping  doublet  ring  fractures  formed  by  impact 
with  2.0  mm  drops  at  730  fps  did  not  propagate  through  even  the 
thinnest  (0.25  mm)  zinc  sulfide  layer  and  the  underlying  zinc 
selenide  surface  was  undamaged.  Essentially,  the  zinc  sulfide 
layers  responded  to  drop  impact  in  a manner  similar  to  bulk  zinc 
sulfide.  Although  a thin  layer  of  zinc  sulfide  should  protect 
the  zinc  selenide  in  the  incubation  stage  of  erosion,  the  thick- 
ness of  the  protective  layer  might  be  limited  by  the  rate  of 
deepening  of  the  surface  pits  after  the  incubation  stage  has 
been  completed.  Experiments  in  the  rainfield  are  required  to 
verify  this. 

Lengthening  the  incubation  period  before  pits  are 
nucleated  appears  to  be  a good  method  to  significantly  improve 
the  overall  performance  of  the  infrared  window  materials.  For 
example,  the  incubation  period,  with  no  loss  in  transmittance  at 
the  longer  wavelength  range  of  2.5  to  25  microns,  extended  for 
approximately  one- half  of  the  useful  life  of  zinc  sulfide  in  the 
rainfield  experiments.  The  length  of  the  incubation  period  is 
controlled  by  the  manner  in  which  the  surface  layer  of  the  mate- 
rial responds  to  drop  impact.  Techniques  to  increase  the 
incubation  period  Include  surface  hardening  and  the  formation  of 
a surface  layer  with  residual  compressive  stresses.  Additionally, 
the  superior  erosion  resistance  of  the  very  fine  grained  zinc 
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sulfide  with  respect  to  coarse  grained  zinc  selenide  suggests 
that  a reduction  in  the  grain  size  of  the  zinc  selenide  would 
increase  its  erosion  resistance. 

B.  Theoretical  Predictions 

The  analytical  model  evaluated  in  this  program  provided 
insight  regarding  transient  stresses  generated  within  infrared 
window  materials  impacted  by  a water  drop.  Computed  radial  ten- 
sile stresses  for  all  cases  investigated,  including  various 
drop  sizes  (0.7,  2.0,  and  2.5  nun  diameter)  and  impact  velocities 
(730  and  1120  fps),  exceeded  the  typical  fracture  strengths 
reported  for  the  infrared  window  materials,  zinc  selenide,  zinc 
sulfide,  gallium  arsenide,  and  germanium.  Although  there  are 
some  differences  in  properties  among  the  four  infrared  window 
materials  investigated,  the  differences  in  magnitudes  of  pre- 
dicted radial  stresses  were  slight  at  identical  drop  sizes  and 
impact  velocities.  Small  differences  were  also  predicted  for 
the  distance  traveled  by  the  stress  peak  in  each  material  at  a 
particular  time  after  impact. 

The  effects  of  drop  size  and  impact  velocity  on  radial 
stress  were  calculated  for  single  drop  impact  on  zinc  selenide. 

The  magnitude  of  the  maximum  value  of  the  radial  stress  increased 
as  an  exponential  function  of  drop  diameter  with  the  exponents 
being  0.55  and  0.7  at  impact  velocities  of  730  and  1120  fps, 
respectively.  The  magnitude  of  the  maximum  value  of  the  radial 
stress  was  also  predicted  to  increase  as  a function  of  the  velo- 
city squared.  An  increase  in  drop  size  or  impact  velocity  also 
increased  the  distance  from  the  center  of  impact  to  the  location 
at  which  the  radial  stress  became  positive  (tensile)  and  at  which 
the  highest  positive  value  of  the  stress  occurred. 

The  analytical  model  showed  ring  fracture  to  be  a sur- 
face phenomenon  with  a rapid  fall  off  in  radial  tensile  stress 
predicted  at  depths  below  1 mil  (25  pm).  The  stresses  were  below 
the  reported  fracture  strengths  of  zinc  selenide  and  zinc  sul- 
fide by  depths  of  ^ mils  (100  pm)  and  2 mils  (50  pm),  respectively. 
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These  differences  in  depths  do  not  explain  the  much  greater 
single  drop  impact  damage  suffered  by  zinc  selenide  as  compared 
to  zinc  sulfide.  It  is  concluded  that  the  difference  in  damage 
probably  resulted  from  an  order  of  magnitude  difference  in  grain 
diameters,  with  zinc  selenide  having  the  larger  grain  size. 

The  predicted  locations  of  the  inner  radii  of  the 
annular  areas  of  ring  fractures  agreed  quite  well  with  the  experi 
mental  data  indicating  that  the  computer  program  provided  a 
reasonable  model  of  the  drop  impact  process.  However,  the  radial 
distance  to  which  the  damage  extended  could  not  be  predicted 
accurately  because  the  analytical  model  allowed  the  stress  waves 
to  proceed  indefinitely  with  time.  A technique  for  allowing  the 
interface  pressure  to  vary  with  time  should  provide  a more 
accurate  simulation  of  material  behavior. 

The  analytical  model  was  used  to  predict  the  response 
to  drop  impact  of  a bilayered  construction  having  an  erosion 
resistant  zinc  sulfide  layer  on  a zinc  selenide  substrate.  The 
results  predicted  that  zinc  sulfide  thicknesses  as  low  as  10 
mils  (0.25  nm)  should  prevent  fracture  of  the  zinc  selenide. 

This  prediction  was  verified  by  the  experimentation  in  which 
ring  fractures  formed  by  2.0  mm  drops  impacting  a bilayered  sped 
men  with  a 10  mil  thick  outer  layer  of  zinc  sulfide  at  730  fps 
did  not  penetrate  the  zinc  sulfide  layer  and  the  zinc  selenide 
substrate  was  not  damaged.  Shear  stresses  which  peaked  at  a 
distance  between  0.2  and  5.0  mils  (0.005  and  O.13  mm)  below 
the  surface  might  limit  the  minimum  thickness  of  the  protective 
layer . 


The  analytical  model  contains  assumptions  which 
inherently  limit  the  accuracy  of  the  stress  predictions.  These 
include  the  following:  (1)  the  substrate  is  homogeneous  (l.e., 
defect  free  and  without  provisions  for  any  redistribution  of 
stresses  as  a result  of  local  material  failures);  (2)  a uniform 
and  constant  interface  pressure  in  the  loaded  region;  and 
(3)  the  radius  of  the  loaded  area  increases  as  t*  for  all  time. 
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In  addition,  numerical  instabilities  create  problems  when 
attempts  are  made  to  compute  stresses  near  the  surface  at  depths 
less  than  0.2  mils  (5  ji.m).  These  limitations  can  be  corrected 
to  improve  the  accuracy  of  the  stress  predictions  as  described 
in  the  recommendations  presented  in  the  next  section. 
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V. 


RECOMMENDATIONS 


A.  Experimental  Investigation 

Impacting  specimens  with  single  water  drops  proved  to 
be  an  excellent  method  to  determine  the  behavior  of  zinc  selenide, 
zinc  sulfide,  and  gallium  arsenide  in  the  very  early  stage  of 
erosion.  The  behavior  of  a material  during  this  incubation  stage, 
before  significant  material  removal,  appears  to  provide  a key  to 
the  overall  behavior  of  the  material  in  a rainfield  environment. 
Thus,  the  results  from  single  drop  experiments  can  be  expected  to 
contribute  significantly  to  the  development  of  Improved  materials 
and  these  experiments  should  be  continued  as  recommended  below. 

Single  drop  impact  experiments  should  be  performed  at 
lower  velocities  to  establish  the  threshold  velocity  for  detect- 
able damage  from  a single  drop  Impact  on  zinc  selenide,  zinc 
sulfide,  and  gallium  arsenide.  Such  experiments  would  provide 
data  required  to  refine  the  predictive  capabilities  of  the 
analytical  models.  Additional  overlapping  single  drop  experi- 
ments should  be  performed  on  these  three  materials  to  provide 
better  understanding  of  the  incubation  stage  leading  to  pit 
nucleation. 


Additional  single  drop  experiments  with  the  bilayered 
zinc  sulfide/zinc  selenide  specimens  are  also  recommended  in 
which  the  0.25  mm  zinc  sulfide  layers  are  reduced  in  thickness 
to  0.13  mm  and  less.  Results  from  these  experiments  would  verify 
the  analytical  method  used  to  predict  the  behavior  of  layered 
specimens.  Bilayered  specimens  with  0.25,  0.50,  and  1.0  mm  thick 
zinc  sulfide  layers  should  be  exposed  to  the  standard  rainfield 
at  730  fps  for  Increments  of  time  comparable  to  those  used  for 
bulk  zinc  sulfide.  This  series  of  experiments  will  relate  the 
performance  of  the  bilayered  specimens  and  the  bulk  zinc  sulfide 
w'th  respect  to  erosion  rate  and  loss  of  transmittance.  The 
-eBulte  will  also  verify  the  performance  of  the  protective  layers 
*as  now  been  demonstrated  in  single  drop  Impact  experiments. 
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Experiments  in  the  rainfield  to  investigate  the  pro- 
gress of  erosi ?n  and  loss  of  transmittance  with  exposure  time 
should  be  performed  on  zinc  selenide  and  gallium  arsenide  with 
the  rainfall  rate  reduced  to  0.5  in. /hr.  or  less.  The  standard 
rainfield  with  a rainfall  rate  of  1 in. /hr.  was  too  erosive  to 
permit  a sufficiently  large  number  of  exposure  periods  to  charac- 
terize the  incubation  stage  of  erosion  for  these  two  materials. 

Single  drop  impact  experiments  should  be  extended  to 
investigate  the  behavior  of  infrared  window  materials  in  addi- 
tion to  the  three  materials  evaluated  in  this  program.  Examples 
of  such  additional  materials  include  magnesium  fluoride,  spinel, 
silicon,  and  sapphire.  Single  drop  experiments  should  also  be 
performed  to  evaluate  the  behavior  of  antireflectant  coatings 
applied  to  infrared  window  materials. 

Studies  should  be  undertaken  to  assess  techniques  for 
reducing  the  grain  size  of  zinc  selenide.  Such  a reduction  in 
grain  size  should  significantly  improve  the  erosion  resistance 
of  zinc  selenide  by  decreasing  the  depth  of  penetration  of  the 
ring  fractures  and  reducing  the  extent  of  subsurface  damage. 

In  addition,  techniques  should  be  evaluated  for  producing 
compressive  surface  layers  on  zinc  selenide  and  zinc  sulfide. 

Such  layers  should  increase  the  incubation  stage  of  erosion  and, 
thus,  the  overall  performance  of  these  materials. 

B.  Theoretical  Predictions 

The  analytical  model  has  provided  insight  into  the 
transient  stress  distribution  produced  in  a homogeneous  elastic 
solid  by  an  impacting  spherical  liquid  drop.  The  accuracy  of 
any  mathematical  model  is  dependent  on  the  assumptions  made  and 
it  is  felt  that  a number  of  improvements  can  be  made  to  provide 
a more  realistic  representation  of  liquid  drop  impact  phenomenon 
and  Increase  the  analytical  accuracy. 

An  investigation  should  be  made  into  the  reasons  for 
the  numerical  instability  that  exists  in  the  TURBAN  computer 
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program  when  attempts  are  made  to  compute  stresses  near  the 
material's  surface,  especially  in  the  vicinity  of  the  Rayleigh 
surface  wave  front.  This  problem  might  be  solved  by  a reformu- 
lation the  integrals  which  are  solved  numerically. 

Improvements  should  be  made  in  the  model  for  liquid 
drop  impact  to  account  for  compressibility  effects  in  the  liquid. 

The  current  model  assumes  the  liquid  drop  to  be  perfectly  com- 
pressible during  the  collision  process.  The  radius  and  velocity 
of  the  loaded  boundary  as  a function  of  time  are  computed  based 
on  this  assumption.  In  reality,  the  radius  and  the  velocity  of 
the  loaded  boundary  are  largely  dependent  upon  the  degree  of 
compressibility  of  the  liquid. 

The  variation  in  pressure  with  respect  to  time  at  the 
liquid/solid  interface  should  also  be  included  in  the  TURBAN  program. 
Recently,  more  sophisticated  analytical  methods  have  provided  a 
very  accurate  description  of  the  pressure  distribution,  as  a 
function  of  spatial  position  and  time,  at  the  liquid/solid  inter- 
face. These  results  have  indicated  that  the  pressure  over  the 
loaded  region  is  not  uniform  and  that  the  magnitude  at  any  point 
changes  considerably  with  time.  The  TURBAN  computer  program 
assumes  that  the  pressure  is  uniform  over  the  loaded  region  and 
is  constant  with  time.  It  is  suggested  that  the  TURBAN  program 
be  updated  to  at  least  account  for  the  timewise  variation  in 
pressure.  The  spatial  variation  in  pressure,  expected  to  have 
a lesser  Influence  on  predicted  stresses,  should  also  be  con- 
sidered if  practical. 
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